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The lettuce seed has been chosen frequently for 
germination studies, because its behavior may be 
controlled by a large number of factors and thus 
should furnish clues for understanding the physiology 
of seed germination in general. Since lettuce seeds 
may be extremely sensitive to light, they have also 
been useful for obtaining information on the mecha- 
nism of light action characteristic of many photo- 
morphogenic responses in plants. 

The operational definition of germination em- 
ployed in basic studies is emergence of the radicle 
from the seed or fruit. Thus one observes all or 
none events, and percent germination is used as a 
measure of the physiological activity of the processes 
that lead to germination. 

For most lots of lettuce seeds, a temperature can 
be found which permits full germination in darkness 
(8,9). As this temperature is raised to 30 or 32° C, 
germination usually decreases to zero (4,8). By the 
regulation of temperature, seeds can be made to 
germinate at any desired level from zero to 100%. 
The same can be done with diverse classes of chemical 
compounds (9). Many substances inhibit dark 
germination at temperatures optimal for germination 
on distilled water. Some of these, for instance some 
auxins and unsaturated lactones, are highly active at 
concentrations of 0.002 M or lower (9, 17); others 
that have no toxic or injurious effects at such rela- 
tively high concentrations were found by Weintraub 
to inhibit germination in darkness at 0.1 or 0.15M 
(17). When non-germinating control seeds have 
been required to study the effects of promotive en- 
vironmental or chemical factors, supra-optimal tem- 
peratures for germination (25 or 26° C) have usually 
been employed. 

In all the above cases where germination is in- 
hibited in darkness, white light may promote germina- 
tion. For some of the cases it has been shown that 
a brief illumination with red light is also sufficient 
to release the inhibition (2, 9). When the red ir- 
radiation is followed by a brief far red irradiation, 
the action of red light is reversed (2). 


1 Received February 6, 1959. 


The compounds that Weintraub (17) found in- 
hibitory to germination of Grand Rapids lettuce seeds 
at concentrations of 0.1 or 0.15 M were all organic, 
and among them were sugars, sugar alcohols, amino 
acids, and ascorbic acid. They inhibited germina- 
tion to a greater extent in darkness than in continuous 
red or white light varied over a 100-fold range in 
intensity. Weintraub suggested that the inhibitory 
action of solutions of these substances may at least 
in part be osmotic. 

It will be shown here that. this type of solute in- 
hibition of lettuce seed germination found by Wein- 
traub functions in 2 steps, the lst osmotic and the 
2nd non-osmotic. The effects of light and some 
other factors on solute inhibition of germination in 
darkness have also been investigated. The use of 
ordinarily innocuous compounds can be applied as 
a routine experimental procedure and may often be 
advantageous for reducing dark germination of let- 
tuce seeds. 


MATERIALS AND METHODS 


SEEeps: The data reported in this paper were 
secured with 1 lot of Grand Rapids lettuce seed (Lac- 
tuca sativa L.). This lot was obtained in 1953 from 
Ferry-Morse Seed Co., Mountain View, California, 
and stored at 4°C. Its maximum germination in 
darkness at 21°C on water-saturated filter paper in- 
creased from 70% at the beginning of this study 
to 95 % later on. 


GERMINATION Conpitions: The standard ex- 
perimental procedure will be described below. All 
departures from this procedure are noted in the de- 
scriptions of individual experiments. 

To constitute 1 replicate of a treatment, 100 seeds 
were sprinkled onto two 5.5 cm disks of Whatman 
no. 1 filter paper which had been pressed into a 5 cm 
Petri dish and saturated with an experimental solu- 
tion or distilled water. The dishes were placed into 
moist chambers wrapped with light-proof cloth and 
kept at 21+ 1°C. Times allowed for germination 
were sufficient to permit maximum germination at- 
tainable under the particular experimental conditions. 
Sowing the seeds and all subsequent operations re- 











quiring vision were performed rapidly in dim green 
light from Westinghouse Ken-Rad green 10 or 25 W, 
120 V lamps with the intensity sometimes reduced 
with a Variac. According to Borthwick et al (2), 
green light has relatively little effect on lettuce seed 
germination. Controls were always exposed to the 
green light when its use was necessary for experi- 
mental manipulations, and on the two occasions when 
such use of green light was tested, there was little 
or no effect on germination. 


RED AND Far Rep Licut: Red light was ob- 
tained by filtering the light from a bank of 8 Sylvania 
48T12 Standard cool white fluorescent tubes through 
2 sheets of DuPont red cellophane. Far red light 
was obtained by passing light from a bank of nine 
300 or 500W reflector photoflood lamps through 
Corning glass H.R. red purple ultra filters (no. 5874). 
These systems for securing red light relatively free 
of far red light and far red light free of red light 
were suggested by Borthwick et al (1). Tempera- 
ture during irradiations was not controlled, since 
both the red and far red light reactions have a tem- 
perature coefficient near unity (3). Temperature 
shifts imposed by the irradiations were not extreme 
or long enough to markedly affect germination, ac- 
cording to data of Cohen (5). Energies of irradi- 
ances were not measured and are not considered to 
be important for the conclusions drawn from these 
experiments. 


CHEMICALS: Sucrose, mannitol, and the salts 


used in this study were C.P. or reagent grade. 


CHARACTERIZATION OF 
“ - = wy 
DarK-Osmotic INHIBITION 


RELATION OF OsMoTIC PREssURE To SoLuTE IN- 
HIBITION IN DARKNESS: The following experiment 
was designed to relate inhibition of germination in 





100 Fr e@ water 
| x sucrose 
+ mannitol 
me rT e © KCl 
2 © NoCl 
3 60 ® MgSO. 
BE Qo © NasSO, 
S 40Fr hii © CaCle 
e «6 ae 
20- Soy, 
a 7) Oo + 7 
I | , % +S 





0 10 20 30 40 5.0 
osmotic pressure (atmospheres) 
Fic. 1 (left). 


describe the spread of the experimental points. 
Fic. 2 (right). 





2 PLANT PHYSIOLOGY 


Effect of osmotic pressure on germination 
through the points representing the effects of sucrose and calcium chloride solutions, respectively. 


Negation of dark-osmotic inhibition by cold. 


darkness by solutions of 3 binary salts, 2 ternary silts, 
an organic metabolite and an organic non-metabu ‘ite 
to osmotic pressure over a range of 5 atmosphe: es, 
The osmotic pressures of solutions within this con- 
centration range may depart considerably from idcal- 
ity. For the salts used, it was necessary to make »p- 
propriate corrections. The osmotic coefficients ond 
basic formula were obtained from Stokes (14) «nd 
from Robinson and Stokes (12, 13). Approximia- 
tions made in the calculations were: 1) the ratio of 
the molecular weight of w“ier to its partial molal 
volume was considered to equal unity; 2) molarity 
to equal molality ; 3) osmotic coefficients obtained at 
25° C to equal osmotic coefficients at 21° C; 4) since 
the osmotic coefficients of a substance vary with 
concentration, it was necessary to interpolate between 
values of osmotic coefficients recorded in the litera- 
ture to obtain osmotic coefficients for concentrations 
used here; 5) osmotic coefficients for the sodium 
sulfate and the lowest magnesium sulfate concentra- 
tions were secured by limited extrapolations, and 
must be regarded with some degree of uncertainty. 
No useful values for osmotic coefficients of mannitol 
solutions were found and osmotic coefficients for 
sucrose were all between 1 and 1.017 for the concen- 
trations employed. Consequently, osmotic pressures 
of the organic solutions were not corrected for de- 
parture from ideality. 

Figure 1 shows the relationship of inhibition of 
germination in darkness to the osmotic pressure of 
the solutions used. Each point represents the average 
percent germination of 2 replicates, except for the 
water control which is based on 4 replicates. Within 
the range of 2 to 5 atmospheres, the trend is for ger- 
mination to be suppressed in direct proportion to the 
osmotic pressure, regardless of the solute used. 
Therefore it is reasonable to conclude that the primary 
action of this solute inhibition is osmotic. 


100 


80F 


60 F 


% Germination 





40F 
° 

eo k 4 i rT ii 
0 24 48 72 96 


Time of pretreatment at 52°C (hrs.) 





in darkness. The lines are drawn approximately 


The lines also 









Suc 
tions 0 
sures. 
dent ii 
this 
of the : 
explain: 
inhibite 
osmoti 
pared! \ 
centrat 
may he 
latory | 
centrat 
found 
was an 
centrat 
compot 


EFF 
DarRK) 
equal, | 
duce i 
were si 
sulfate 
the sol 
similar 
hours 
cient t 
tions. 
ately a 
the lat 
are ide 
(2 3) 
reason 

Th 
will be 
ly, the 
relates 
second 
to the 
pressu 


SOLUTI 
Water 
NaCl 
KCl 
CaCl, 
Na,SO 
Sucros 
Mannit 








de- 


of 

of 
ige 
the 
hin 
er- 
the 
ed. 
ry 


$.) 


ely 
Iso 









Sucrose is somewhat more inhibitory than solu- 
tions »f the other compounds at equal osmotic pres- 
sures. This is a reproducible result and is also evi- 
dent i the data of Weintraub (17). The reason for 


this i's not known, but increase in osmotic pressures 
of the solutions by hydrolysis of sucrose is a possible 
explanation. Calcium chloride was somewhat less 


inhibitory than solutions of other compounds at equal 
osmotic pressures. Since the solutions were pre- 
pare without previously drying the solutes, the con- 
centrations of calcium chloride, which is deliquescent, 
may have been overestimated. The apparent stimu- 
latory effect of potassium chloride at the lowest con- 
centration upon germination in darkness was not 
found in two further experiments. However, there 
was an indication that potassium chloride in low con- 
centrations may not be quite as inhibitory as other 
compounds at the same osmotic concentrations. 


ErFEcts OF Light Upron SoLuTE INHIBITION IN 
DARKNESS: Six compounds at similar, but not 
equal, osmotic concentrations were employed to pro- 
duce inhibition of germination in darkness. They 
were sodium, potassium and calcium chloride; sodium 
sulfate; sucrose; and mannitol. Table I shows that 
the solutions all inhibited germination in darkness to 
similar levels. Three minutes of red light given 5 
hours after the beginning of imbibition were suffi- 
cient to prevent reduction of germination by the solu- 
tions. Far red light (2 minutes) supplied immedi- 
ately after the red irradiation reversed the action of 
the latter. The effects of light in this experiment 
are identical with those observed by Borthwick et al. 
(2, 3) on lettuce seeds that were dark dormant for 
reasons other than inhibition by germination solutions. 

The type of inhibition by solutions described above 
will be called “dark-osmotic inhibition” because first- 
ly, the suppression of germination by solute cor- 
relates well with the osmotic pressure of the solution; 
secondly, the solute inhibition has little or no relation 
to the nature of the solute; and thirdly, at osmotic 
pressures lower than 5 atmospheres, the solutions do 
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TABLE II 


DELAY AND PREVENTION OF GERMINATION BY 
DaARK-OSMOTIC INHIBITION 








GERMINATION PERCENT GERMINATION 





TREATMENT PERIOD (HRS) REPLICATES AVERAGE 
Water 31 70, 72 71 
0.18 M mannitol 31 0;- 8 0 
0.18 M mannitol 73 24, 28 26 
Water 48 92, 88 90 
0.18 M mannitol 48 30, 26 28 
0.18 M mannitol 96 Kee 4 | 29 
0.18 M mannitol 144 ee 31 





not reduce germination when seeds receive a suffi- 
cient irradiance of red or white light. The term 
“dark-osmotic inhibition” is intended to describe 
conveniently the treatment when one supplies dark- 
ness and an osmoticum and produces the end result 
of reduced germination. The term is inadequate for 
describing all the inhibitory processes occuring with- 
in the seed, as will be shown subsequently. 

The quantitative response of different seed lots 
to dark-osmotic inhibition varies, and, as a particular 
seed lot ages in storage, its level of dark germination 
at 21° C may increase on osmotica as it does on water. 
The osmotic pressure required to suppress dark germi- 
nation during this study increased steadily as dark 
germination on water increased. 


SECONDARY INHIBITION INDUCED BY OSMOTIC 
INHIBITION: Since in the previous experiments only 
2 days were allowed for germination, one might think 
that dark-osmotic inhibition merely delays germina- 
tion, and if seeds were kept for long intervals, osmotic 
inhibition would disappear. To check this possibility, 
germination on 0.18 M mannitol was followed for a 
longer period of time. Part of the results of 2 time 
course experiments are given in table II. The Ist 
group of data shows that inhibition by 0.18 M manni- 


TABLE [| 


EFFEcT OF BRIEF [RRADIATIONS WITH RED AND FAR RED LIGHT UPON 
GERMINATION BY SOLUTIONS IN DARKNESS 


INHIBITION OF 











PERCENT GERMINATION 











RED LIGHT RED LIGHT (3 MIN) PLUS 

SOLUTION Mo varity ee eee (3 MIN )* rah Sp Lice (2 ua ala 

REPLICATES AVERAGE ~ AVERAGE REPLICATES | AVERAGE 
Water oe 91, 97 94 + 71, 82 77 
NaCl 0.075 49, 41 45 ** 29, 32 31 
KCl 0.075 53, 53 53 + 19, 29 24 
CaCl, 0.05 49, 38 44 it 34, 40 37 
Na,SO, 0.05 7, 36 58 ¥** 42, 36 39 
Sucrose 0.15 a, 23 27 92 15, 20 18 
Mannitol 0.15 40, 38 39 95 2i,. a7 27 





* Administered 5 hours after the beginning of imbibition. 
** Not counted; germination approximately 100 %. 
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tol does delay the germination of those seeds that 
manage to germinate on this medium. However, the 
2nd group of data indicate that seeds which do not 
germinate on 0.18M mannitol before 48 hours are 
permanently inhibited. 

If dark-osmotic inhibition is a purely osmotic 
phenomenon, transferring the seeds from an osmoticum 
to water would release the inhibition. Results of such 
experiments with mannitol are given in table III, the 
four groups of data representing 4 separate experi- 
ments. Similar results were obtained with sodium 
chloride as the osmoticum. The Ist group of results 
in table III shows that seeds which had been kept 
on 0.22 M mannitol for 18 hours and then were trans- 
ferred to water germinate at the same percentage as 
seeds kept on water throughout. Shifting the seeds 
in dim green light with a spatula from mannitol to 
mannitol did not abolish the effect of dark-osmotic 
inhibition. Thus, the transfer procedure as such was 
not responsible for the germination of seeds that 
were pre-treated with mannitol for 18 hours and then 
shifted to water. The 3 other groups of data in table 
III show, however, that when seeds are maintained 
on 0.18M mannitol for 31 hours or longer, the in- 
hibition of most of the seeds can no longer be released 
by transfer to water that would release a simple os- 
motic inhibition. Washing seeds with water at the 
time of the shift from mannitol to water for 4 or 8 
hours does not result in increased germination. 

One of the reasons why the term dark-osmotic 
inhibition is descriptive only of the treatment and not 
of the inhibitory seed processes can now be stated. 
When seeds are kept on a sufficiently concentrated 
solution to prevent germination for some period be- 
tween 18 and 31 hours, osmotic inhibition is replaced 
or augmented by a secondary, non-osmotic inhibition 
in most of the seeds. 

It was shown previously that red light given 5 
hours after the beginning of imbibition nullifies the 
effect of dark-osmotic inhibition. In that case the 
red irradiation could either prevent primary osmotic 





inhibition or prevent or release the secondary in! bi- 
tion by means of a “stored” effect. The follow ing 
experiment was done to determine whether red |i zht 
can reverse the secondary inhibition. Seeds were 
kept on 0.18 M mannitol for 92 hours, a period that 
assures the establishment of secondary inhibition, 
Half of them received a red irradiation (10 minutes) 
after 92 hours, and the other half remained in con- 


TABLE IV 


RELEASE OF SECONDARY INHIBITION BY RED LIGH1 














RED LIGHT PERCENT GERMINATION | 

SOLUTION (10 MIN) * REPLICATES AVERAG} 
0.18 M mannitol — 28, 44 36 
0.18 M mannitol + 86, 90 88 





* Administered 92 hours after the beginning of im- 
bibition. 


tinuous darkness. Germination counts were made 
after an additional 48 hours. Table IV gives the re- 
sults of this experiment which show that red light 
does release secondary inhibition. Whether red light 
operates on the primary osmotic inhibition will be 
discussed subsequently. 


TIME OF THE OsMoTiIc BLOCK IN THE GERMINA- 
TION Perrtop: The physiological events of seed 
germination are considered to be an orderly, sequential 
series of processes. To gain information about these 
processes by inhibition studies, it would be important 
to know at what point in the sequence an inhibitory 
factor functions. It is sometimes possible to deter- 
mine whether inhibition blocks a process that occurs 
early or late in the total period of time required for 
germination. An experiment was designed to find 
out how long seeds may imbibe water and yet remain 
sensitive to dark-osmotic inhibition. Seeds were 














TABLE III 
EFFECTS OF TRANSFER OF SEEDS FROM MANNITOL TO WATER ON GERMINATION 
TIME TOTAL 

INITIAL (HRS) OF SECOND GERMINATION PERCENT GERMINATION 

SOLUTION SHIFT SOLUTION PERIOD (HRS) REPLICATES AVERAGE 
Water 18 Water 33.5 93, 92 93 
0.22 M mannitol 18 0.22 M mannitol 46 a, # 26 
0.22 M mannitol 18 Water 46 89, 94 92 
Water mee 52 89, 96 93 
0.18 M mannitol Sy iat 165 15, 20 18 
0.18 M mannitol 52 0.18 M mannitol 165 33, 26 30 
0.18 M mannitol 52 Water 165 50, 42 46 
0.18 M mannitol 20 Water 68 71, 76 74 
0.18 M mannitol 48 Water 96 48, 49 49 
0.18 M mannitol 68 Water 116 41, 38 40 
0.18 M mannitol as vas 140 44, 28 36 
Water ~~: Sia 36 85, 85 85 
0.18 M mannitol 31 0.18 M mannitol 67 25, 23 24 
0.18 M mannitol 31 Water 67 52, 50 51 
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tran-‘erred from water to 0.3 M mannitol at 2-hour 
intervals from the time of sowing until 16 hours 
thereafter. The results indicated that after 16 hours 
of w:ter uptake, germination of about half of the seeds 
coul:! still be inhibited osmotically. To check this 
finding, the following experiment was carried out. 
Groups of seeds were allowed to take up water for 
16 hours and then were shifted to water or 0.3M 
mannitol. Other groups of seeds remained on water 
or 0.3 M mannitol throughout the germination period. 
Still another group of seeds was irradiated with red 
light (10 minutes) after 16 hours on water and then 
immediately transferred to 0.3 M mannitol. The re- 
sults of this experiment are summarized in table V. 
Transferring the seeds was not itself inhibitory, since 
the germination of seeds shifted from water to water, 
or from water to mannitol following a red irradiation 
was as high as the germination of seeds that remained 
continuously on water in darkness. Nevertheless, 
transfer to mannitol strongly inhibited germination 
of unirradiated seeds even after they were kept for 
16 hours on water. 


TABLE V 


INHIBITION OF GERMINATION BY 0.3 M MANNITOL AFTER 
16 Hours or WATER UPTAKE BY SEEDS 














RED 
' LIGHT SHIFT PERCENT 
a. (10 MIN) AFTER GERMINATION 
gua te BEFORE 16 HOURS RepLicaTES AVERAGE 
SHIFT 
0.3 M mannitol _ eats ll, 3 7 
Water — ae 95, 95 95 
Water _ to water 92, 8&8 90 
Water _ to 0.3M 51, 47 49 
mannitol 
Water = ts to 0.3M 93, 98 96 
mannitol 





The data in table V permit an additional conclu- 
sion. Red light can produce an effect when adminis- 
tered before dark-osmotic inhibition, for seeds that 
were irradiated while on water subsequently germi- 
nated 96 % on 0.3M mannitol, while unirradiated 
seeds treated in the same manner germinated 49 %. 
Further experiments confirmed this result. Thus, 
the action of red light is not confined to the release 
of an established block in the germination processes. 
Red light can prevent the formation of a block, or it 
can open a pathway around a block before inhibition 
is established. 


NEGATION OF DarK-Osmortic INHIBITION By COLD 
TREATMENT: Borthwick and Robbins (4) found that 
the lettuce variety New York which normally does 
not germinate at 30°C will germinate well at that 
temperature if it first receives a period of low tem- 
perature in the imbibed condition. Low temperature 
pretreatment, during which no seeds germinate, is 
also capable of negating dark-osmotic inhibition of 








Grand Rapids lettuce seeds at 21°C. Seeds were 
sown on 0.18 M mannitol and stored for varying peri- 
ods in darkness at 5+ 2° C. They were then allowed 
to germinate for 48 hours at 21°C. In figure 2 the 
promotive and inductive effect of low temperature pre- 
treatment upon subsequent germination at 21°C is 
shown. Each point represents the average percent 
germination of 2 replicates. The point representing 
zero time at low temperature was obtained from seeds 
remaining on 0.18 M mannitol at 21° C for 144 hours. 
This result indicates that not time itself, but time at 
low temperature, is responsible for the promotion of 
germination. 


SEED SURGERY AND Dark-Osmotic INHIBITION: 
Inhibition of lettuce seed germination by supra- 
optimal temperatures can be prevented by surgery on 
the coats surrounding the embryo. Borthwick and 
Robbins (4) and Evenari and Neumann (10) found 
that removal of the pericarp and testa has no effect 
on germination, but surgery on the endosperm and 
on the integumentary membrane which adheres closely 
to the endosperm strongly promotes germination. 
Borthwick and Robbins removed the coats, while 
Evenari and Neumann “opened” the endosperm, an 
operation which they did not describe. Because of 
this remarkable influence of the external layers of 
the lettuce achene on germination, their effect on 
seeds subjected to dark-osmotic inhibition was studied. 

Dry seeds were pierced with a sharp dissecting 
needle through the middle of their widest portion, so 
that all the fruit layers received 2 punctures, and both, 
cotyledons were pierced. The criterion of germina- 
tion in these experiments was the growth of any part 
of the embryo out of the pericarp and extension of 
the hypocotyl or radicle. Frequently, when surgery 
has been performed on seeds, the cotyledons emerge 
before the rootlet, and root growth may be severely 
curtailed. Borthwick and Robbins (4) observed the 
same unusual mode of germination by intact seeds 
under high oxygen tension at 30° C. 

When seeds are punctured by the method described 
above, germination on 0.18 M mannitol in darkness is 
much greater than in intact seeds. Results from 3 
separate experiments are summarized in table VI. 


TABLE VI 


PROMOTION OF GERMINATION BY PUNCTURING 
SEEDS BEFORE SUBJECTING THEM TO 
DarK-OSMOTIC INHIBITION* 














DATE OF Rep PERCENT 
EXPERI- SEEDS LIGHT GERMINATION 
MENT PUNCTURED (10 MIN) REPLICATES AVERAGE 

1/31/57 _ — 20, 25 23 

2G _ 63, 67 65 
2/7/57 _ — 28, 27 28 

+ — 70, 83 77 
4/13/57 _— _ 26, 25 26 

= i _ J3,. 2 66 

+ + 94, 93 94 





* All seeds on 0.18 M mannitol. 
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Thus, seed surgery can prevent dark-osmotic inhibi- 
tion from functioning, as it can prevent reduction of 
germination by supra-optimal temperature. How- 
ever, not all punctured seeds escape from responsive- 
ness to dark-osmotic inhibition. Such punctured 
seeds will germinate if given sufficient red light, 
proving that they are viable. This indicates that 


there must be a subtle difference between an effective 
and an ineffective puncture or that seeds may or may 
not respond to the same kind of puncture. 


DIscusSION 


Weintraub’s (17) findings concerning the inhibi- 
tion of germination by organic compounds at concen- 
trations of 0.1 and 0.15 M have been extended in this 
study. .It was shown that inorganic salts also produce 
such an inhibition in darkness and that a brief red 
irradiance is as effective in preventing a reduction 
of germination by the solutions as continuous red or 
white light used by Weintraub. Furthermore Wein- 
traub’s suggestion that the inihibition of germination 
by 0.1 or 0.15 M solutions is at least in part osmotic 
was confirmed. 

Evidence has been presented to show that dark- 
osmotic inhibition causes a delay in germination of 
those individuals that are able to germinate on os- 
motica and permanently prevents the germination of 
the others. Dark-osmotic inhibition was shown also 
to affect the seed in two distinct phases, the Ist a 
primary osmotic inhibition and the 2nd a non-osmotic 
inhibition that is established as a result of the Ist. 
This strongly suggests that dark-osmotic inhibition 
operates in the following manner: 1) The primary 
action is retardation of water uptake by a tissue 
crucially concerned with germination processes. 
This results in a relative reduction in the chemical 
potential or activity of water, limiting the rate of a 
germination process and delaying germination. 2) 
When germination is delayed for a certain period of 
time, either an inhibitory reaction that is proceeding 
all the time gains the upper hand or an inhibitory re- 
action is initiated resulting in the formation of a 
block that permanently prevents germination in dark- 
ness. Alternatively, a substance that is necessary for 
dark germination becomes exhausted or is not manu- 
factured, if germination is delayed for a sufficiently 
long period. 

Induction of a secondary inhibition or dormancy 
has been reported previously for a number of plant 
structures maintained in an environment where one 
or more factors did not permit growth. After the 
elapse of sufficient time, these structures were no 
longer capable of normal activity in an environment 
that formerly was favorable for growth. Popcov 
(11) and Davis (6, 7) made such observations on 
seeds other than lettuce, Thornton (15) on Easter 
lily bulbs, and Vegis (16) on buds of Stratiotes aloides. 

Two experiments were performed to determine 
the time required by the seeds used in this study to 
germinate at 21°C on water in darkness. The 


earliest germination was noted after 18 to 20 hc irs, 
and germination approached 100% after 30 ti 32 
hours. Twenty-six hours after sowing, approxima ‘ely 
50 % of the seeds had germinated. It was establisiied 
also that about 50 % of the seeds were still responsive 
to dark-osmotic inhibition after 16 hours of water «p- 
take, while about 50 % of the seeds had escaped from 
sensitivity to dark-osmotic inhibition during the 16 
hours on water. Seeds that have progressed fartier 
along the pathway to germination would be more 
likely to be past a block than seeds which lag behind, 
Though this cannot be proved, it is probable that 
seeds which ordinarily would germinate before 26 
hours after sowing are not sensitive to dark-osmotic 
inhibition after 16 hours on water, while seeds that 
ordinarily would germinate later than 26 hours after 
planting remain sensitive to dark-osmotic inhibition 
until some time after 16 hours. This suggests that 
despite the advancement of early germination 
processes, seeds retain sensitivity to dark-osmotic in- 
hibition up to 10 hours before root protrusion would 
ordinarily occur, and lose their sensitivity thereafter. 
Determinations of the time course of water uptake 
by lettuce seeds showed that during the initial 20 
hours mannitol retards water uptake (unpublished 
data). The retardation appeared equal in light and 
darkness, though light during that period subsequent- 
ly caused germination of most of the seeds on manni- 
tol. Therefore, the protective action of light in nulli- 
fying dark-osmotic inhibition is likely to be against 
the secondary, non-osmotic inhibition, though this is 
not a necessary conclusion, since overall water uptake 
by the achene may not be representative of uptake by 
the part directly concerned with germination. 
Borthwick et al (2, 3) have shown that when seed 
lots of some lettuce varieties germinate well in dark- 
ness at a particular temperature (20 to 25° C), their 
germination at that temperature can be reduced by 
first allowing them to imbibe water and maintaining 
them at 30 to 35° C for 1 to 4 days. The secondary 
inhibition produced by dark-osmotic inhibition may be 
similar to or identical with that induced by high tem- 
perature. In both cases, seeds are prevented from 
germinating at the normal time by inhibitory factors, 
i.e., high osmotic pressure or high temperature, and 
they subsequently exhibit a dark dormancy under con- 
ditions that ordinarily are favorable for germination. 
The lower supra-optimal germination temperatures 
(e.g. 25° C) may also reduce germination by merely 
delaying germination for a sufficient period of time 
to permit a secondary inhibition to be established. 
Dark dormancy resulting from any of the 3 treat- 
ments being discussed can be released by a brief red 
irradiance and can be prevented or released by pierc- 
ing or removing the coats surrounding a lettuce 
embryo. Furthermore, pretreatment of imbibed seeds 
with low temperature prevents subsequent reduction 
of germination by dark-osmotic inhibition or tempera- 
tures that are ordinarily supra-optimal. 
Dark-osmotic inhibition should now be suffi- 
ciently well understood to be employed routinely as 
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erimental tool for study of lettuce seed germina- 
where elevation of temperature or use of toxic 
unds is inappropriate or undesirable. 


SUMMARY 


1. The germination of Grand Rapids lettuce seeds 
in darkness at 21° C is suppressed in approximately 
direct proportion to the osmotic pressures (within a 
limited range) of solutions used. 

2. This reduction of germination by osmotica 
can be negated by irradiating the seeds with a small 
quantity of red light shortly after they begin to imbibe. 
Far red radiation supplied after red light reverses 
the action of red light. 

3. Dark-osmotic inhibition delays the germina- 
tion of some individuals and permanently inhibits 
that of others. 

4. Transferring seeds from a solution that pro- 
duces osmotic inhibition to water would release a pure 
osmotic inhibition. However, when germination of 
seeds has been inhibited osmotically for 30 hours or 
longer, most of the seeds do not germinate after trans- 
fer to water. 

5. The secondary inhibition following primary 
osmotic inhibition can be released by red light and 
may be similar to dormancies of lettuce seeds produced 
by high temperature treatments. 

6. The germination of seeds that have imbibed 
water for 16 hours can still be affected by dark- 
osmotic inhibition, indicating that some early events 
in germination can proceed with the seeds remaining 
sensitive to dark-osmotic inhibition. 

7. Seeds irradiated with red light while on water 
show no reduction of germination when subsequently 
shifted onto an osmotically effective solution. Thus 
red light does not have to act on an established block, 
but can produce an effect that is “stored” and later 
prevents, releases, or circumvents a block in germina- 
tion processes. 

8. Low temperature treatment of seeds negates 
dark-osmotic inhibition. Puncturing seeds may also 
nullify dark-osmotic inhibition. 

9. It is suggested that dark-osmotic inhibition 
and perhaps other inhibitory treatments function 
solely by delaying germination, and that during the 
delay a process occurs which permanently prevents 
germination in darkness. 
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The respiratory changes which take place in slices 
of tubers and tuberous roots have long been of interest 
to plant physiologists. As early as 1887, the wound 
respiration of white potato tubers was described (3), 
and since then many of the factors affecting this 
phenomenon have been analyzed (17). In recent 
years, the fact that the developed respiration is resist- 
ant to cyanide and carbon monoxide has attracted 
special attention (18, 25). Since the respiration of 
freshly cut slices can be shown to be mediated by 
cytochrome oxidase, it has been concluded that there 
must be some fundamental modification of the respira- 
tory chain during the ageing of these slices. That 
the cytochrome system does function in aged slices is 
suggested by the demonstration that their ability to 
absorb water is inhibited by CO and this effect is 
reversed by light (15). In addition, the respiratory 
system shows a high affinity for oxygen (25). These 
facts pose a number of important questions: a) What 
electron transport pathway is functional in aged po- 
tato slices and in other plant tissues which have a 
cyanide- and CO-resistant respiration? b) How can 
CO block an energy-requiring process without reduc- 
ing the net rate of electron transfer? c) What type 
of transformation underlies the quantitative and quali- 
tative changes in tissue respiration? 

The potato tuber slices, in which there is a strik- 
ing change within one day, seem ideally suited for 
further investigations on the problem of inhibitor- 
resistant respiration. The plan of the present study 
has been to compare the respiratory mechanisms in 
freshly-cut and day-old slices, and to ascertain the 
conditions necessary for the development of the 
wound respiration. The work has been carried on 
at two levels: with tissue slices and with isolated cell 
fractions. Oxygen uptake has been used as a measure 
of respiratory activity, and its coupling to phosphory- 
lation estimated by following phosphate uptake. The 
respiratory components involved in hydrogen and 
electron transport have been examined by both enzy- 
matic and spectrophotometric techniques. The evi- 
dence indicates that during the aerobic incubation of 
potato slices there is a metabolism-dependent modi- 
fication of the mitochondrial respiratory chain, prob- 
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ably within the cytochrome system. Preliminary re- 
ports on this work have already been published (8, 
9, 10, 13). 


MATERIALS AND METHODS 


Monthly shipments of potato tubers (Solanum 
tuberosum L., variety Katahdin) were obtained from 
Maine and stored at 10°C. Slices of tuber tissue 
(1 to 2 mm thick) were prepared with a rotary micro- 
tome or, for large scale work, with a commercial 
vegetable slicer; these were used after a brief rinsing 
(freshly-cut slices) or incubated for an appropriate 
period. Slices were aged at 25° C (+2°) either by 
maintaining them’ in moist chambers, with air as the 
gas phase, or in aerated distilled water. The slices 
used in the initial respiration studies were maintained 
on nets, just breaking the surface of the liquid. 

Rates of tissue respiration were determined by 
measuring oxygen uptake in small volumetric respiro- 
meters (25). These were flushed with the appropri- 
ate gas mixtures, made from commercial O., N,, and 


CO; HCN was supplied from Ca(CN).-Ca(OH), 


mixtures (20). Respiratory rates in cyanide refer 
to the oxygen uptake during the first hour of exposure 
to HCN. For the light reversal experiments, a Gen- 
eral Electric blue fluorescent lamp was used. Respir- 
atory rates are expressed as #1 O, consumed per hour 
per gram fresh weight of tissue (#1 O,/hr X g FW). 

The uptake of labelled phosphate by tissue slices 
was determined by placing five discs (7 mm X 1 mm) 
in 2 ml of a solution containing approximately 0.14 
#c/ml of radiophosphorus (P%*), the total phosphate 
concentration being approximately 1.7 x 1077M. 
The discs were exposed to the isotope for 1 hour, 
during which air or an appropriate gas mixture was 
bubbled through the solution at a rapid enough rate 
to agitate the discs uniformly. Following this, the 
discs were removed, washed twice in 50 ml of dis- 
tilled water, and then digested in 4 ml of hot con- 
centrated HNO, for 10 minutes to give a clear solu- 
tion. When cool, the radioactivity of this solution 
was determined for 5 or 10 minutes in a deep-well 
scintillation detector, and the results expressed as 
counts per minute (cpm) per sample. In most cases, 
quadruplicate samples were used. The decrease in 
radioactivity of the 2 ml of isotope solution was com- 
pared with the amount of activity taken up by the 
tissue. In some typical experiments, the average 
radioactivity of the P%? solutions decreased 7,500 cpm 
while the discs took up 6.500 cpm; the difference of 
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1,002 cpm was presumably lost during the washing. 
Radiophosphorus was obtained as carrier-free phos- 
phoric acid in dilute HCl from Oak Ridge. 

Cell fractions were isolated by centrifugation 
from tissue homogenates, which had been prepared 
by grinding in a mortar with sand and an equal vol- 
ume of isolating medium. The medium contained 
0.5 M sucrose (or mannitol), 0.01 M cysteine, 0.001 M 
EDTA (ethylenediamine tetraacetate), and a 0.05 M 
phosphate (KH,PO,-Na,HPO,) or TRIS (tris hy- 
droxymethylaminomethane) buffer (pH 7.0-7.2). 
After straining through cheesecloth, the homogenate 
was centrifuged at 1,000 x G for 5 minutes to remove 
sand, starch, and cell debris. The mitochondrial frac- 
tion was isolated by centrifuging at 10,000 x G for 
20 minutes, and the microsomes were sedimented 
from the remaining supernatant by centrifuging at 
100,000 x G for 1 hour (Spinco ultracentrifuge). 
The fractions were washed with a sucrose-buffer 
medium and suspended finally in a small volume of 
this medium. All operations were carried out at 
roughly 0° C. The average nitrogen contents of these 
suspensions, determined by Nesslerization after di- 
gestion in H,SO,, were roughly 30 ug N per gram 
of initial fresh tissue for the mitochondria and 20 ug 
N for the microsomes. 

Organic acid oxidations by the mitochondria were 
followed using standard Warburg techniques at 30° C. 
The substrate was tipped in after a 10 minute equili- 
bration period. Phosphate esterification was meas- 
ured by determining the disappearance of inorganic 
phosphate from the reaction mixture, in the presence 
of glucose and hexokinase. Fluoride was included 
to inhibit ATPase, and malonate was used to block 
oxidation at the level of succinate (when a-keto- 
glutarate was the substrate). Added cofactors in- 
cluded diphosphopyridine nucleotide (DPN), adeno- 
sine triphosphate (ATP), adenosine diphosphate 
(ADP), diphosphothiamine (DPT), and Coenzyme 
A (CoA). The reaction was stopped by tipping in 
0.5 ml of 20 % trichloroacetic acid (TCA). Inor- 
ganic phosphorus was determined by the method of 
Bernhart and Wreath (2). 

The particulate enzyme systems involved in the 
oxidation of reduced diphosphopyridine nucleotide 
(DPNH) and succinate were assayed spectrophoto- 
metrically, essentially as outlined in an earlier paper 
(11). DPNH oxidase was followed at 340 mz, cyto- 
chrome c oxidation and reduction at 550 mz, and dia- 
phorase activity at 590 mz, in the presence of 2,6-di- 
chlorophenolindophenol (DIP). Spectrophotometric 
observations on the isolated mitochondria were made 
at the Johnson Foundation, University of Pennsyl- 
vania, using a split-beam instrument designed for 
recording difference spectra (5). 


RESULTS 


TissuE RESPIRATION: Freshly-cut slices of po- 
tato tuber tissue have a respiratory rate (Qo.) of 
roughly 40 wl O./hr X g FW, and at least 70 % of 
this can be inhibited by 4.6 x 10-4 ™M cyanide (fig 


TABLE I 


Errect oF ANTIMYCIN A ON RESPIRATORY RATES 
OF FRESHLY-CUT AND 24-HR SLICES 








ANTIMYCIN* % INHIBITION 


AGED 








al 
5 
x? 


18 
57 
*Slices submerged in the appropriate inhibitor or con- 


trol solution for 1 hr before determination of respiratory 
rate. 





1). After being maintained aerobically for a day 
at 25°C, the Qo, is between 150 and 200, and the 
respiration is no longer inhibited (may even be 
stimulated) by this concentration of cyanide (fig 1). 
There is a similar decline in the sensitivity to CO in 
the dark (25) and to azide, both of which inhibit cyto- 
chrome oxidase. Thus, while 10-3 M azide (pH 5.0) 
inhibits the respiration of freshly-cut discs roughly 
65 %, it stimulates the respiration of aged discs. 
There is likewise a marked decrease in the inhibitory 
effect of Antimycin A (table I), which blocks electron 
transport between cytochromes b and c. Assuming 
there is no change in the permeability to this inhibi- 
tion, this suggests that there are changes in the res- 
piratory chain as a whole and not only in the terminal 
oxidase. 

The possibility that these changes in the slice 
respiration are simply the result of changes in the 
intracellular level of phosphate acceptor (e.g., ADP) 
was investigated using 2,4-dinitrophenol (DNP), 
which acts as an uncoupling agent. A similar study 
was carried out independently by Sharpensteen (21). 
DNP can, in fact, cause striking stimulations of the 
oxygen uptake by freshly-cut slices (table ITI): 
5 x 10-°M DNP gave an average promotion of 
133 % in 13 experiments. As might be expected, 
the rapid respiration of the day-old tissue was only 
slightly (20%) promoted by this concentration of 
DNP. Although these facts suggest that the de- 
veloped respiration may resemble the uncoupled res- 
piration of freshly-cut slices, the latter rate is still 


TABLE IT 


Errect oF 2,4-DINITROPHENOL ON RESPIRATION 
OF FRESHLY-CUT SLICES 








DNP* 
M x 10-5 


RESPIRATORY RATE 


ul O,/AR XG FW % PRoMotion 





47 
118 
114 
114 
1 —78 





*Slices treated for 1 hr before determining respiratory 
rate. 
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Fic. 1 (top, left). The effect of cyanide (4.6 x 10-4 M HCN) on the respiration of freshly-cut slices, with and 
without 2,4-dinitrophenol (5 x 10-5M DNP), and on slices maintained aerobically for 24 hrs. 


Fic. 2 (top, right). The time-course of development of the cyanide resistant fraction of respiration in potato slices 
maintained in air at 25° C. 


Fic. 3 (bottom, right). The time-course of development of the ability to accumulate P82 (1-hr exposure) in 
potato slices maintained in actively aerated distilled water at 25° C. 


Fic. 4 (bottom, left). The effect of carbon monoxide (CO/O, = 9/1 at 1 atm) in the dark and in the light on 
the P®? uptake by potato slices maintained aerobically for 24 hrs. Average values from table IV. 
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oni half of the former. Further evidence that these 
two types of respiration are fundamentally different 
comes from a study of inhibitor effects. As shown in 
figure 1, essentially all of the DNP-stimulated res- 
piration of freshly-cut slices is inhibited by cyanide. 
This respiration can also be inhibited 70 % by a 95 % 
CO/5 % O. mixture in the dark, and the effect is 
essentially completely reversed by light. It must be 
concluded that the respiration of freshly-cut slices, 
both in the presence and absence of DNP, is mediated 
by cytochrome oxidase, and that this enzyme is nor- 
mally present in considerable excess. The respira- 
tory change which takes place with time clearly in- 
volves more than just a change in the level of phos- 
phate acceptor. 

The time-course of the development of cyanide 
resistant respiration in slices maintained in moist 
chambers was investigated over a 24 hour period. 
In the first few hours after cutting, neither the rate 
of respiration nor the inhibitor sensitivity changes 
markedly. Following this lag period (3-4 hrs), both 
the total rate and the cyanide-resistant fraction of the 
respiration increase rapidly (fig 2). After 12 hours, 
the rate in air has tripled (Qo, roughly 120), and 
10-? M HCN and 95% CO/5% O, cause little or 
no inhibition. The respiration continues to increase 
at a slower rate and reaches a maximum after roughly 
24 hours, by which time the inhibitors generally stim- 
ulate respiration 5 to 10 %. 

A variety of conditions and agents were tested 
for their ability to prevent or alter the change in res- 
piratory characteristics. Slices which have been 
kept at 5° C for 24 hours respire at essentially the 
same rate as freshly-cut tissue. This ability of low 
temperatures to prevent the respiratory increase in- 
dicates that the change is not solely a physical effect 
and suggests that it depends on some metabolic activi- 
ty. Brief exposures (2 hrs) to high temperatures 
(30 and 37° C) had no significant effect. Cyanide 
itself inhibits the change: discs maintained on nets 
ina 10-°M NaCN solution for 12 or 24 hours took 
up oxygen at only half the rate of the controls. Com- 
plete inhibition was obtained by keeping discs for a 
day in respirometers with 10~? M HCN in the gas 
phase. 

The role of oxygen was investigated by maintain- 
ing the slices at different oxygen tensions. Over the 
initial 8 hour period, the cyanide-resistant respiration 
developed at essentially the same rate in 95 % N./5 % 
O., air, and 100% O,. On the other hand, anaero- 
bic conditions caused a marked inhibition. In four 
experiments, the Qo.’s of slices which had been main- 
tained for 10 to 12 hours in 100% N. were 42, 53, 
60, and 70, as compared to the average rate of 120 
for those kept in air. After 12 hours in N., the res- 
piration could be inhibited roughly 50% by 10-3 M 
HCN, indicating that the cyanide-resistant fraction 
was still largely undeveloped. On transferring the 
slices from N, to air, both the total rate of respiration 
and the cyanide-resistant fraction developed even 
more rapidly than in freshly-cut slices. These ex- 


periments show that oxygen plays an important role 
in the respiratory change, but it is not yet clear 
whether this reflects a general requirement for aerobic 
metabolism or a specific inductive effect. 

The possibility that the development of the wound 
respiration depends on intercellular syntheses was 
tested with DNP, which has already been shown to 
inhibit the metabolism-linked water uptake by potato 
tissue (16). When discs were kept in a solutiou of 
5 x 10-5 M DNP alone, the CO- and cyanide-sensi- 
tivity disappeared within 12 hours; this apparent in- 
ability of DNP to prevent the respiratory change sug- 
gested that no net synthesis is involved (10). When 
precautions were taken to maintain the pH of the 
DNP solution at 5.4 during the incubation however, 
the development of the cyanide-resistant respiration 
was prevented completely (table III). This indicates 
that the change is in some way linked to the supply 
of energy by oxidative phosphorylation. A variety 
of other compounds, including acriflavine, proflavine, 
atabrine, azaguanine, 2,6-diaminopurine, and 6-mer- 
captopurine, were tested, without success, for their 
ability to prevent the change. 


TABLE IIT 


PREVENTION OF RESPIRATORY CHANGE BY DNP 








RESPIRATORY RATE (#L O,/HR X G FW) 
AIR 10-3 M HCN 
Freshly-cut 42 15 


Control, 24 hrs* 190 152 
DNP, 24 hrs* 49 16 





TISSUE 











*Slices maintained on nets in 0.05 M phosphate buffer, 
pH 5.4, alone or with 5 x 10-5M DNP. 


Tissue P%? Uptake: Freshly-cut potato discs do 
not take up a significant amount of P*? from the low 
concentration of phosphate supplied. In nine experi- 
ments, the average cpm/5 discs was only 360 after a 
1 hour exposure to P**, while the background count 
averaged 298 cpm. Following a lag period, the 
aerated discs gradually develop the ability to take 
up P*? (fig 3), and after 24 hours the uptake varied 
from 2,000 to 10,000 cpm/5 discs. Similar results 
have been obtained in other laboratories (19, 21). 
The development of this capacity to take up P%* can 
be completely prevented by aerating the tissue at low 
temperatures: after 24 hours at 8° C, the P%? uptake 
(at 25°C) was negligible. This development, like 
the respiratory change, is clearly dependent on the 
tissue’s metabolism. 

The mechanism of the P** uptake and its relation 
to the respiration were investigated using discs which 
had been aerated for 24 hours. The accumulated P%? 
cannot be removed by washing with distilled water : 
three successive 1-hour washings removed only 6, 3, 
and 3 % of the P8*. The uptake of P®? was inhibited 
82 % when the 1 hour exposure was carried out under 
anaerobic conditions (gassing isotope solution with 
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nitrogen). This indicates that most, if not all, of 
the uptake is linked to the aerobic metabolism of the 
tissue. Reduction of the O, tension in the gassing 
mixture to 5 % of an atmosphere inhibits the P*? up- 
take, but 10 and 20% O, (in nitrogen) are not in- 
hibitory. CO was found to be an effective inhibitor, 
with 80% CO/20% O, and 919% CO/10% O, 
mixtures reducing the P*? uptake in the dark 45 and 
57 %, respectively, relative to the appropriate N./O, 
controls (table IV). The CO inhibition is largely 
light-reversible, as shown graphically in figure 4. 
- These effects of CO on the P*? uptake by aged tissue 
are in marked contrast to the resistance of the oxygen 
uptake to cytochrome oxidase inhibitors. 


TABLE IV 


Errect oF CO on P32 Uptake By 24-HR SLICES 








COUNTS PER MINUTE PER 5 DISCS (AFTER 1 HR) 
Dark LIGHT 








% Jo 
N,/O,* CO/O,* Inurpn N,/O,* CO/O,* InuIBN 


3,123 1,222 61 5,318 11 
6,022 2,255 63 4,949 \ 30 
6,600 2,698 59 5,051 —9 
9,888 5,646 43 8,449 —2 





Average 57 Average 8 





*Gas ratio of 9/1 in all cases. Each line corresponds 
to a separate experiment and each value represents an 
average of 4 replicates. 


Orcanic Acid OximpaTion By MITOCHONDRIA: 
Preliminary experiments were carried out to define 
the optimum conditions for organic acid oxidation 
by potato tuber mitochondria. The beneficial effect 
of including cysteine in the isolation medium (22) 
was confirmed. When cysteine is present in the re- 
action mixture, the endogenous rates of oxidation are 
high, but these can be eliminated by washing the mito- 
chondria in cysteine-free medium. The tonicity of 
the isolating medium has a marked effect; maximum 
rates of oxidation were obtained when 0.5 M sucrose 
was used. With lower sucrose concentrations there 
is a decrease in the rate of succinate oxidation and a 
corresponding increase in the stimulation caused by 
added cytochrome c. Under appropriate conditions 
potato tuber mitochondria can readily oxidize suc- 
cinate, citrate, malate, and a-ketoglutarate (table V). 
Rates of oxidation were roughly doubled by either 
DPN or ATP (or ADP) except with succinate, 
where 30% promotion was obtained. Stimulations 
by these cofactors were not additive: only with ci- 
trate was the effect of DPN significantly greater than 
that of ATP. Only in the case of a-ketoglutarate 
was oxidation promoted by coenzyme A. 

In early experiments with aged tissue, slices were 
aerated in tap water for a day; oxidative activity of 
the mitochondria isolated from these tissues was only 
a third of that measured with particles prepared from 
fresh tubers (9). When glass-distilled water was 


TABLE V 


OXIDATION OF ORGANIC AciDsS By MITOCHONDRIA 
FROM FRESH AND 24-HR TISSUE 








uL O, PER HOUR PER VESSEL* 
AGED 





SUBSTRATE 


None 2 5 
Succinate 228 252 
Citrate 130 114 
a-Ketoglutarate 126 102 
Malate 108 108 








* Each vessel contained the mitochondria from 12 g ci 
tissue, with 0.41 (fresh) and 0.47 (aged) mg nitrogen 
Reaction mixture included (in #M) : substrate—60; phos 
phate—75; MgSo,—1.5; ATP—1.2; DPN—0.3; liver co- 
enzyme concentrate—0.4 mg (only with a-ketoglutarate ) 
sucrose—750, in a volume of 3 ml. Temp.—30° C. 


used as the incubation medium, however, there was 
essentially no difference in oxidation rates of these 
four Krebs cycle acids, expressed in terms of tissue 
weight (table V). In this series of experiments, the 
nitrogen content of the mitochondrial fractions in- 
creased 14% (average) during ageing. 

The inhibitor sensitivity of these oxidative ac- 
tivities was also determined. Table VI shows that 
the oxidations by fresh-tissue mitochondria can be 
largely inhibited by low concentrations of cyanide and 
antimycin A. There is a marked decrease, however, 
in the sensitivity to 2.2 x 10-*M HCN on ageing, 
as the inhibition of a-ketoglutarate oxidation falls 
from 75 to 2%. There is less difference in the re- 
sponse to the higher cyanide concentration, suggest- 
ing that the change may be quantitative, rather than 
qualitative, in nature. 


OXIDATIVE PHOSPHORYLATION BY MITOCHONDRIA: 
The ability of potato tuber mitochondria to carry on 
oxidative phosphorylations has not been previously 
described. Table VII gives the results of some ex- 


TABLE VI 


EFFECTS OF INHIBITORS ON ORGANIC AcID OXIDATIONS 
BY MITOCHONDRIA FROM FRESH AND 24-HR TISSUE 








PER CENT INHIBITION* 


ANTI- 
HCN HCN é 
SupsTRATE TISSUE 49-3 yy 22 x 10-4M os eae 








Succinate Fresh 86 77 85 
= Aged 70 11 


a-Keto- 
glutarate Fresh 79 75 
a-Keto- 
glutarate Aged 68 2 
Citrate Fresh 77 80 
Malate Fresh 78 





*Average values from several experiments in most 
cases. Addenda as for Table V. HCN supplied from 
cyanide-alkali mixtures (20). 
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TABLE VII 


OXIDATIVE PHOSPHORYLATION BY POTATO 
TuBER MITOCHONDRIA* 








SuB- 
STRATE 


Succinate 


DNP(M) #Atoms O, # Atoms P, P/O 





7.85 
6.06 


10.38 
2.49 


1.32 
0.41 


2.30 
0.61 


1.95 
0.25 


0 
1 x 10-4 


a-Keto- 
glutarate 0 
a-Keto- 
glutarate 
C itrate 


3.99 9.19 
3.62 
4.00 
3.12 


2.22 
7.80 
0.78 


1 x 10-4 
0 
1 x 10-4 





*Reactions mixture contained (in 4M) : substrate—60; 
phosphate—30; MgSO,—1.8; ADP—3; DPN—1.2; 
DPT—0.2; CoA—0.1; NaF—30; malonate—6 (only with 
a-ketoglutarate) ; glucose—60; sucrose—750; hexokinase 
—1 mg; mitochondria (0.4 mg nitrogen) from 12 grams 
of tissue, in a volume of 3 ml, pH—7.2. Temp.—30° C. 
Gas phase—air. Duration—20 min. Each value repre- 
sents average of results from at least 6 vessels. 


periments in which the phosphorylation coupled to 
the oxidation of three Krebs cycle acids was deter- 
mined. These P/O (phosphate esterified/oxygen 
consumed) ratios indicate that there are at least two 
phosphorylative steps during the oxidation of suc- 
cinate and citrate and three during a-ketoglutarate 
oxidation. In three subsequent experiments with 
a-ketoglutarate the P/O ratios fell between 2.5 and 
3.0. These values compare favorably with those re- 
ported for other plant mitochondria. In the presence 
of DNP, which is known to interfere with respiratory 
chain phosphorylations, most of the phosphate ester- 
ification is prevented (table VIT). 

Mitochondria isolated from aged tissues can also 
phosphorylate actively (table VIII), and in general 
they gave somewhat higher P/O values: in two ex- 
periments with ketoglutarate, the ratio was greater 
than three. Since the oxidations by these particles 
are relatively insensitive to low cyanide concentra- 
tions, it was of interest to determine the effect of 
cyanide on phosphorylation. Table VIII shows 
clearly that 2.2 x 10-*M HCN caused a marked 
reduction in the phosphate esterification (and P/O) 
in the absence of any comparable effect on oxygen 


TABLE VIII 


EFFECT OF CYANIDE ON OXIDATIVE PHOSPHORYLATION 
BY MITOCHONDRIA FROM 24-HR TISSUE* 





SusstratE HCN(M) #4 AtomsO, » Atoms P, P/O 


6.34 9.95 1.57 
4.46 1.56 0.35 





Succinate 0 
‘e 2.2 x 10-4 
a-Keto- 
glutarate 0 
a-Keto- 


glutarate 2.2 x 10-4 6.95 


* Addenda as for table VII. 
the average of duplicate vessels. 


6.47 16.30 2.52 
5.85 0.84 


Each value represents 





uptake. It would appear here that cyanide is acting 
as an uncoupling agent. 


MITOCHONDRIAL RESPIRATORY CHAIN: As shown 
in an earlier paper (11), the enzymatic activities of 
various segments of the respiratory chain can be as- 
sayed spectrophotometrically. The over all activity 
is estimated from the rate at which DPNH is oxidized 
when molecular oxygen is serving as the terminal 
electron acceptor. As a result of the inclusion of 
cysteine in the isolation medium, the DPNH oxidase 
activity of the mitochondria (0.01 «M DPNH/min 
x g FW) is now several-fold greater than that previ- 
ously reported. Data in table IX show a marked 


TABLE IX 


DPNH anp CytTocHROME Cc OXIDASE ACTIVITIES OF 
MITOCHONDRIA FROM FRESH AND 24-Hr TISSUE 








pM oxipizeD/MIN X G FW X 10-8 
FRESH AGED 





SUBSTRATE 





DPNH* 11 (7) 
Cytochrome c** 286 (14) 


Cytochrome c + 
digitonint 1,220 (6) 


34 (11) 
278 (10) 


1,321 (8) 





Values in parentheses indicate number of separate 
experiments averaged. Average nitrogen contents of 
mitochondrial suspensions (1 ml equivalent to 5.0 g FW): 
146 (fresh) and 241 (aged) pg N/m. 

* Reaction mixture contained 5 x 10-5M DPNH 
and 0.1 or 0.25 ml of mitochondrial suspension (in 0.5 M 
sucrose-0.1 M phosphate buffer), in a total 3.0 ml volume. 

** Reaction mixture contained 2 x 10-5 M_ reduced 
cytochrome c, 0.1 M phosphate buffer (pH 7.0), and usual- 
ly 0.1 ml of 1:10 diluted mitochondrial suspension. Rates 
calculated from the first-order velocity constant (k). 

+ 0.1 % digitonin included in reaction mixture. 


increase in DPNH oxidase activity during ageing. 
Part of this can be attributed to the increase in mito- 
chondrial nitrogen (between 50 and 100% in this 
experimental series), but there must also be an in- 
crease in the activity of the respiratory chain. In 
both cases the DPNH oxidase can be essentially com- 
pletely inhibited by cyanide, azide, and antimycin A 
(table X), so that there is no indication of any quali- 
tative change in the electron transport pathway. 
There is a change in the effect of phosphate on the 
DPNH oxidase however. Whereas the presence of 
0.05 M phosphate in the reaction mixture has little 
effect on the activity of fresh-tissue mitochondria, it 
inhibits the DPNH oxidase of aged-tissue particles 
between 10 and 50%. This inhibition was prevented 
by including 0.3 M sucrose in the reaction mixture, 
which suggests that the phosphate effect is related to 
structural changes. TPNH oxidase activity of the 
mitochondria was determined and found to be negli- 
gible for both types of tissue. 

Table IX shows the results of a large number of 
experiments in which the mitochondrial cytochrome c 
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TABLE X 


Errects oF INHIBITORS ON DPNH OxipAsE oF 
MITOCHONDRIA FROM FRESH AND 24-Hr TISSUE 








PER CENT 
INHIBITION 


FRESH 


Cyanide 58 90 
ey 86 94 
Azide 58 65 
* 83 90 
Antimycin 87 89 


nr CONCENTRATION 








oxidase activity was determined. These rates are 
many times greater than those measured previously 
with particles which had been isolated in a medium 
containing only sucrose and phosphate. Since the 
presence of sucrose in either the suspension medium 
or the reaction mixture lowered the cytochrome oxi- 
dase activity, the effect of disrupting the mitochondria 
by a variety of methods was tested. The most strik- 
ing effect was obtained with digitonin, which causes 
a four- to five-fold stimulation of activity (table IX). 
It is not necessary to preincubate the particles ; maxi- 
mum rates were obtained simply by including 0.1 % 
digitonin in the reaction mixture. A comparison of 
the cytochrome oxidase activity, expressed on a tissue 
fresh weight basis, of particles prepared from fresh 
and aged tissues shows that there is not any sig- 
nificant difference (table IX). This is true whether 
the assay is carried out in the presence or absence of 
digitonin. Since the nitrogen content of this frac- 
tion increased (50-100 %) during the ageing, oxidase 
activity, expressed in terms of nitrogen, is actually 
lower. There is a significantly large excess of this 
enzyme at all stages, since the digitonin-stimulated 
rates, uncorrected for any losses in the recovery of 
mitochondria, are equivalent to a Oo. of roughly 400, 
which is ten times the rate of oxygen uptake by fresh- 


TABLE XI 


CytocHRoME Cc REDUCTASE ACTIVITIES OF 
MITOCHONDRIA FROM FRESH 
AND 24-Hr TIssure 








pM C REDUCED/MIN X G 
oe FW x 10-4 
FRESH AGED 


250 (9) 1065 (11) 
68 (3) 
234 (8) 

0 (2) 0 (2) 


Values in parentheses indicate number of experiments 
averaged. Average nitrogen contents of mitochondrial 
suspensions (1 ml equivalent to 5.0 g FW) : 146 (fresh) 
and 241 (aged) yg N/ml. 

* Reaction mixtures contained 2 x 10-5 M_ oxidized 
cytochrome cc, 10-3 M cyanide, 0.05 M phosphate buffer 
(pH 7.0). and either 5 x 10-5 M DPNH or 2 x 10-2 M 


succinate. 


ANTIMYCIN 


SUBSTRATE 
pG/MI. 








DPNH* 


0 

1 

Succinate* 0 
» 1 





ly-cut slices! The cytochrome oxidase of both typ:s 
of particles is essentially completely inhibited by 
10-4 M cyanide. 

In the presence of appropriate electron donor:, 
the mitochondria catalyze a rapid reduction of oxi- 
dized cytochrome c. The rates of the DPNH-cytco- 
chrome c and succinic-cytochrome c reductase re- 
actions are shown in table XI. These rates, whic) 
again are greater than those reported earlier, are stil! 
much slower than the rate at which cytochrome c is 
oxidized. Of special interest is the fact that the 
aged tissue particles show a four-fold increase in 
DPNH-cytochrome c reductase activity. This sug- 
gests that changes in this segment of the respiratory 
chain may account for the increase in DPNH oxidase 
activity described above. With ageing, there is also 
a change in the sensitivity of this reaction to antimycin 
A (AA); the per cent inhibition caused by 1 #g/ml 
AA decreases from 73 to 43%. From these facts, 
it is possible to estimate that the activities of the AA- 
sensitive and AA-insensitive reductase systems in- 
crease 2.5 and 9 times, respectively. In marked 
contrast, the succinic-cytochrome c reductase actually 
decreases during this period; in all cases, it is com- 
pletely blocked by antimycin (table XI). The 
TPNH-cytochrome c reductase activity of the parti- 
cles is very slight, being only 1/20 the rate when 
DPNH is the substrate. 

The rate of DPNH oxidation was also assayed in 
the presence of a dye, 2,6-dichlorophenolindophenol, 
which decolorizes on reduction. The average DPNH 
diaphorase activity of mitochondria isolated from 
fresh tissue was 0.4 #M dye reduced/min X g FW. 
With day-old tissue, the comparable value was 2.1, 
indicating a five-fold increase in the activity. With 
TPNH as substrate, the activities were one-tenth of 
the above. 


MicrosomMaL ENzyMeEs: The washed microsomal 
fraction of both fresh and aged tissue showed negli- 
gible DPNH oxidase and succinic-cytochrome c re- 
ductase activities. On the other hand, it did oxidize 
cytochrome c at 5 to 10% of the rate of the mito- 
chondrial cytochrome oxidase, presumably due to the 
presence of mitochondrial fragments in this fraction. 
The microsomes themselves can use DPNH as a sub- 
strate for the rapid reduction of either cytochrome c 
or dichlorophenolindophenol (table XII). On a 
fresh weight basis, the microsomal DPNH-cyto- 
chrome c reductase activity is comparable to that in 
the mitochondria; actually it is more active on a 
nitrogen basis. The microsomal system differs 
markedly in its sensitivity to antimycin, since 1 #g/ml 
AA caused only 15 % inhibition in four experiments. 
The small fraction of AA-sensitive reductase may be 
attributed to mitochondrial contamination. A com- 
parison of microsomes from fresh and day-old slices 
shows that roughly there is a five-fold increase in 
the reductase activity upon ageing (table XII), while 
the nitrogen content of this fraction increased 80 %. 
The reductase remains essentially insensitive to AA. 
(Increase in AA-insensitive microsomal reductase 
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Fic. 5 (top). A study of the respiratory components of potato tuber mitochondria. Line 1 shows all the com- 
ponents in the difference spectrum between a suspension reduced with DPN H and allowed to become anaerobic and 
an untreated, aerobic suspension. Line 2 shows the effect of adding hydrosulfite to an anaerobic suspension, the 
reference material being anaerobic in the presence of DPNH. Line 3 shows the bands of the cytochrome c and a—a, 
components alone, by comparing a DPNH-reduced anaerobic sample with an aerobic sample containing DPNH and 
antimycin. Line 4 shows the cytochrome b component alone; both samples are aerobic and one is treated with 
DPNH and Antimycin. Room temperature. 

Fic. 6 (bottom). A comparison of the respiratory components of mitochondria isolated from freshly-cut and 
aged potato slices. The spectra represent the differences between samples reduced with DPNH and allowed to 
become anaerobic and untreated, aerobic samples. Samples contained 0.42 ( fresh) and 0.6 (aged) mg nitrogen per 
ml. Slices aged in air in moist chambers for 22 hrs at room temperature. 
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might account for some of the decrease in AA-sensi- 
tivity of the reductase activity of the mitochondrial 
fraction, since this almost certainly contains some 
microsomal particles.) There is also a four-fold 
increase in the microsomal DPNH diaphorase during 
the ageing (table XII). TPNH was roughly 5% 
as effective a substrate as DPNH in all of these micro- 
somal reactions. 


TABLE XII 


DPNH DtapuorasE AND DPNH-cytTocHRoME c 
ReEpuctTASE ACTIVITIES OF MICROSOMES FROM 
FrEsH AND 24-Hr TIssuE 








pM REDUCED/MIN X G 
ie. 4. aa 


FRESH AGED 


177 (6) 860 (6) 
185 (2) 785 (4) 


Values in parentheses indicate number of experiments 
averaged. Average nitrogen contents of microsomal sus- 
pensions (1 ml equivalent to 5.0 g FW): 100 (fresh) and 
180 (aged) pg N/ml. 

* Reaction mixtures contained 5 x 10-5 M DPNH, 
0.05 M phosphate buffer (pH 7.0), 10-8 M cyanide, and 
either 2 x 10-5 M oxidized cytochrome c or 8 x 10-5 M 
2,6-dichlorophenolindophenol. 


ACCEPTOR 





Cytochrome c* 
DIP* 





DIFFERENCE SPECTRA: Since the _ respiratory 
chain components show characteristic changes in their 
absorption spectra on reduction, they can be studied 
quantitatively with suitable spectrophotometric tech- 
niques (5). This can be done with turbid suspen- 
sions of mitochondria by comparing the absorption 
spectra of two equivalent suspensions which have been 
subjected to different chemical treatments. In pres- 
ent experiments, the respiratory chain components 
were reduced enzymatically by adding DPNH to 
actively respiring mitochondria and waiting until 
the dissolved oxygen was exhausted, as indicated by 
appearance of the reduced spectrum. The difference 
spectrum obtained by comparing this anaerobic sus- 
pension to one without substrate (oxidized) reveals 
the absorption bands of the various components (fig 
5, line 1). This shows clearly the bands due to cyto- 
chrome types a, (443 m#) and a (605 me) and the 
fused bands of cytochromes b and c in the a (550-565 
m#), B (515-525 m#) and y or Soret (420-430 mp) 
regions ; there is also a trough corresponding to flavo- 
protein at 460 to 480 mz. To identify any components 
which may not be reduced by electron transport in 
the respiratory chain, hydrosulfite was added and 
the spectrum compared with the DPNH-reduced sus- 
pension (fig 5, line 2). The hydrosulfite-reducible 
material shows two major absorption peaks, at 428 
and 560 ma, with a y/a band ratio of roughly ten. 
This suggests that it is a hemoprotein of the cyto- 
chrome b type. The trough at 460 to 480 mz also 
indicates that there is some hydrosulfite-reducible 


flavoprotein, roughly equal in amount to the DPNH- 
reducible flavoprotein. 

Antimycin, which blocks DPNH oxidation be- 
tween cytochromes b and c, was used to delineate the 
spectra of the individual cytochromes. The differ- 
ence spectrum between an aerated suspension and one 
to which DPNH and AA are added shows clearly 
the absorption bands of cytochrome b alone (fig 5, 
line 4). The peaks at 558 (a) and 425 (y) differ 
significantly from the characteristic maxima of cyto- 
chrome b in the animal respiratory chain (7) and 
they more closely resemble b, (1, 6). The AA- 
reduced component is similar to the one which appears 
in the hydrosulfite spectrum. Since DPNH can re- 
duce flavoprotein in the presence of antimycin, its 
characteristic absorption band at 450 to 470 me is 
also visible in the difference spectrum (fig 5, line 4). 
The bands of cytochrome c and a are revealed 
by comparing a DPNH-reduced suspension with one 
containing DPNH and AA (fig 5, line 3). The a 
bands of a and c appear at 600 and 550 ms, the y 
bands at 440 and 423 ma, and the £ band of c at 
520 m#. Enzymatic and spectrophotometric evidence 
indicate that electron transport proceeds through a 
sequence from DPNH to flavoprotein, cytochromes 
b,, c, a, and a, to oxygen. 

By using appropriate reference wave lengths and 
extinction coefficients, it is possible to estimate the 
concentrations of each of the respiratory components 
(table XIII). It is clear that in mitochondria iso- 
lated from fresh potato tissue there are roughly equi- 
molar amounts of the different cytochromes, while 
flavoprotein is found in molar excess. The concen- 
tration sequence does not differ greatly from that 
found in a variety of animal mitochondria (7), al- 
though the amount of b is relatively high in potato 
mitochondria. On a nitrogen basis, the concentra- 
tions are roughly one-third those in rat liver mito- 
chondria (fig 1 in ref 7). 

The mitochondria from slices which had been 
maintained for a day in a moist chamber were also 
examined by these techniques. Figure 6 shows the 
DPNH reduced-untreated difference spectrum; a 
spectrum of fresh-tissue mitochondria is included for 
comparison. A number of changes is evident: with 
ageing, the size of the 605 mz band decreases; the 


TABLE XIIT 


CONCENTRATIONS OF RESPIRATORY COMPONENTS 
CALCULATED FROM DIFFERENCE SPECTRA 
(Fic 6) 








Wave- CONCENTRATION 


CoMPONENT LENGTHS .4 _, (4M x 1074) 
cm~! x MM~! 
més FresH AGED 








a 605-630 16 2.8 1.4 
445-455 91 3.9 3.3 
558-575 20 3.3 6.8 
550-540 19 46 6.3 
465-510 11 10.5 7.3 
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peak in the 550 to 560 me region is shifted slightly, 
and the 443 m# band now appears only as a shoulder 
on the large 426 m# peak. The calculated amounts 
of the individual components (table XIII) indicate 
an increase in cytochromes b and c and a decrease in 
a and ag. As a result, the ratios of cytochromes b 
and c toa (>4) and a, (~2) are unusually high. 
Since there was a 50 % increase in the mitochondrial 
nitrogen in these experiments, the changes in con- 
centration of b and ¢ are not so striking on a nitrogen 
basis, whereas the apparent decreases in a and a, are 
more pronounced. 


DISCUSSION 


The changes in respiration and ability to take up 
P** which take place during the ageing of potato 
slices are clearly dependent on the aerobic metabolism 
of the tissue. A progressive uncoupling of respira- 
tion cannot account for the increased rate of oxygen 
consumption. On the contrary, the rapid metabolic 
uptake and incorporation (19) of phosphate by aged 
slices indicate that the developed respiration is ef- 
fectively coupled to phosphorylation and synthesis. 
In addition, the fact that dinitrophenol and chloram- 
phenicol (4) can prevent the respiratory change sug- 
gests that it depends on energy-requiring processes, 
such as protein synthesis. This possibility is sup- 


ported by observed increases in nitrogen content of 
the particulate fractions, as well as by previous dem- 
onstrations (23, 24) that general synthesis of cellu- 
lar constituents, including proteins, goes on in aerated 


potato slices. 

The studies with cell-free fractions were carried 
out in an attempt to reveal the nature of the specific 
alterations which permit the rapid oxygen and phos- 
phate uptake. Although mitochondria isolated from 
both fresh and aged slices can readily oxidize Krebs 
cycle acids, with a concomitant phosphorylation, it 
was not possible to demonstrate any increase in these 
activities with ageing. Nevertheless, there is a de- 
crease in the cyanide sensitivity of the organic acid 
oxidations which suggests that there is a relatively 
inhibitor-resistant respiratory chain in the aged- 
tissue particles. In contrast, the DPNH oxidase re- 
mains completely sensitive to cyanide. This dis- 
crepancy may be related to differences in the condi- 
tions under which these two types of activity are 
assayed, or to differences in the pathways of oxidation 
of internal and external DPNH.° Of special interest 
is the finding that, at low concentrations, cyanide 
can inhibit phosphorylation without affecting the 
oxygen uptake by aged-tissue mitochondria. This 
partial uncoupling action of cyanide was observed 
earlier with skunk cabbage mitochondria (14), but it 
has not been demonstrated with mitochondria isolated 
from animal tissues. Such an effect would explain 
the frequent reports that energy-requiring processes 
in plant. tissues can be inhibited by concentrations 
of CO or eyanide which do not affect the respiration. 
The mechanism of this action remains to be elucidated. 

Enzymatic activities of mitochondria from the two 


types of tissue show marked quantitative differences 
which suggest there is a change in the respiratory 
chain with ageing. Although there is an increase 
(50 to 100%) in the nitrogen content of the mito- 
chondrial fraction, this is in no case large enough to 
account for the several-fold increases in the DPNH 
oxidase, diaphorase, and DPNH-cytochrome c re- 
ductase activities, which suggest that there is an 
activation of the chain in the region between DPNH 
and cytochrome c. Cytochrome c oxidase and suc- 
cinic-cytochrome c reductase do not show any in- 
crease. Spectrophotometric evidence also points to a 
quantitative modification in the mitochondrial re- 
spiratory chain. Both types of tissue show typical 
c- and a-type cytochromes, and a b-component, with 
peaks at 558 and 425 mz, which more nearly resembles 
the plant cytochrome b, (1,6). There are differences 
in the relative amounts of the cytochromes, however, 
with the ratios of b and c to a and a, being relatively 
high in the aged-tissue particles. Quantitatively, the 
changes in the amounts of the spectroscopically meas- 
ured respiratory components cannot account for the 
five-fold increase in tissue respiration, but the in- 
creases in enzymatic activity are of comparable 
magnitude. 

In considering the results, it could be argued that 
the inhibitor-resistant respiratory pathway was not 
identified in our experiments, due either to its pres- 
ence in some other cell fraction or to its requirement 
for some other respiratory substrate. Although 
there is a marked increase in the microsomal DPNH 
diaphorase and DPNH cytochrome c reductase activi- 
ties with ageing, this fracticn shows virtually no oxi- 
dase activity and there is little reason to consider 
the microsomes as respiratory centers. The soluble 
fraction contains an active, cyanide-sensitive DPNH 
oxidase system (12) which is not involved in the 
respiration of freshly-cut slices, and changes in this 
fraction were not studied. It seems most likely that 
the mitochondria, which mediate the reaction with O, 
in fresh slices (11), do in fact play a similar role in 
the aged slices. Two observations encourage this 
view: the decrease in cyanide sensitivity of the or- 
ganic acid oxidations by the mitochondria, and the 
increase in the mitochondrial DPNH oxidase activity. 
Support also comes from the demonstration of the 
respiratory role of the mitochondria in the cyanide- 
resistant aroid spadix tissue (14). 

Other possible explanations of the resistance to 
inhibitors have recently been discussed in detail (6). 
According to the excess oxidase hypothesis, the net 
electron-transfer rate will not be inhibited by very 
large changes in the steady-state oxidation level of 
the oxidase when this component is not rate limiting. 
That cytochrome c oxidase remains functional in aged 
potato slices is indicated by the fact that the respira- 
tory system shows a very high oxygen affinity (25) 
and the P®? uptake is light-reversibly inhibited by CO. 
However, the transition to a cyanide-resistant tissue 
is not accompanied by an increase in the measured 
amount of activity of cytochrome c oxidase. Since 
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this enzyme is apparently always present in excess, 
this hypothesis alone does not explain all the ob- 
servations. On the other hand, the evidence sug- 
gests that the unique characteristics of inhibitor- 
resistant tissue are its relatively high concentration 
of a b-type cytochrome and the high activity in the 
region between DPNH and cytochrome c. These 
properties may be responsible for the greater overall 
activity of the respiratory chain in aged tissues and 
may also be related to the development of a qualita- 
tively different, inhibitor-resistant pathway to oxygen. 
Changes in the cytochrome b region could be inter- 
preted as evidence in favor of the b-oxidase hy- 
pothesis, although proof that an alternate pathway 
from b to oxygen is operative requires further sup- 
port (see 6). The fact that CO inhibits phosphate 
uptake without blocking tissue respiration would sug- 
gest that this pathway is not coupled to phosphoryla- 
tion and may operate only in the presence of inhibitors. 


SUMMARY 


During a one-day incubation, thin slices of potato 
tuber tissue develop (1) a rapid respiration which is 
relatively resistant to CO, cyanide, azide, and anti- 
mycin, and (2) the capacity to actively accumulate 
P*? by an aerobic mechanism which is photo-reversi- 
bly inhibited by CO. These changes are dependent 
on the tissue’s metabolism and do not take place at 
low temperatures. The change in respiratory rate 
is not the result of a progressive uncoupling from 
phosphorylation. The kinetics of the change and the 
fact that it can be prevented by anaerobic conditions 
and by 2,4-dinitrophenol suggest that it is closely 
linked to synthetic activities. 

The respiratory mechanisms in mitochondria iso- 
lated from freshly-cut and day-old slices were com- 
pared. The rates of oxidation of Krebs cycle acids 
and the efficiencies of phosphorylation (P/O with 
a-ketoglutarate, (2-3) are similar. The oxidations 
by aged-tissue particles are less sensitive to cyanide, 
which is nevertheless able to uncouple phosphoryla- 
tion. After one day, there is a several-fold increase 
in the DPNH oxidase, diaphorase, and DPNH-cyto- 
chrome c reductase activities, without a significant 
increase in cytochrome c oxidase and succinic- 
cytochrome c reductase. The rapid DPNH oxidase 
remains sensitive to cyanide, azide, and antimycin. 
There is also a marked increase in the microsomal 
DPNH-cytochrome c reductase. 

Spectrophotometric examinations of the DPNH- 
reduced respiratory chain show flavoprotein, cyto- 
chrome a, a;, b;, and c components in mitochondria 
from both types of tissue. The difference spectra re- 
veal an apparent increase, after ageing, in the amount 
of b-type cytochrome relative to the a-a, components. 
The results suggest that there is a modification of the 
chain in the region between DPNH and cytochrome 
c, and the possible relations of this to the tissue-level 
changes are discussed. 
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ARGININE-REQUIRING STRAINS OF TISSUE 
OBTAINED FROM GINKGO POLLEN '? 
WALTER TULECKE 
PHYTOCHEMICAL LABORATORY, BIOCHEMICAL RESEARCH Division, CHAs. PFIZER AND Co., INc., BRookLYN, NEW YorK 


The selection of strains of tissue with specific 
nutritional requirements is one convenient approach 
to the study of tissue physiology. The recent ad- 
vances in the manipulation of cells from plant tissue 
cultures (6, 7, 12, 13) has suggested the possibility 
of isolating strains of plant tissue. Techniques simi- 
lar to those used for detecting biochemical mutants 
of microorganisms, such as selective media, single 
cell isolation and the plating out of cell suspensions, 
would be required. Reported here is the use of this 
approach for the isolation and culture of a strain of 
tissue from the pollen of Ginkgo biloba L. The strain 
described requires arginine for growth. 

Tissues may be obtained from the pollen of Ginkgo 
on media containing yeast extract or coconut milk 
(15). If the pollen is distributed over the surface of 
the culture medium and allowed to grow, many of the 
pollen tubes will be abnormal and some of these will 
form tissues (fig 1). A few tissues proliferate and 
may be subcultured; others grow slightly and abort. 
The tissue masses are made up of small dividing cells 
surrounded by larger storage cells; the small cells are 
basically haploid in chromosome number, but many 
are heteroploid. The cells show no differentiation. 


MATERIALS AND METHODS 


The pollen used to obtain tissues was stored in 
sterile desiccators at 7° C. Earlier work (14) showed 
that both fresh and stored pollen forms the tissues, but 
the stored pollen forms them more frequently. A uni- 


1 Received February 20, 1959. 
* This work was begun while the author was a research 
associate at the Brooklyn Botanic Garden, N. Y. 


form inoculum was made by suspending the pollen in 
liquid medium and dispensing aliquots to prepared 
media. After three days, a count was made of the 
number of pollen grains and the percentage viability ; 
later, the number of tissues per number of viable 
pollen grains was determined. 


Fic. 1. A petri dish containing several tissues ori- 
ginating from Ginkgo pollen. The pollen was dispensed 
over the surface of a coconut milk medium and incubated 
in the dark for eight months at 25° C. The tissues show 
distinct differences in their rate of growth; many develop 
into small masses of cells and others grow rapidly. 
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It is important to point out that the tissues de- 
scribed here are strains and not clones. The tissues 
have a distinct origin and physiology and were picked 
out as cell masses which probably arose from single 
pollen grains. However, the pollen grains of Ginkgo 
are multicellular and “cloning” in the sense of isola- 
tion from a single cell is virtually impossible. But 
a measure of success has been achieved in obtaining 
tissues from single pollen grains. For example, out 
of 500 germinated pollen grains which were placed 
in individual culture bottles on a coconut milk medium, 
two formed tissues one-half millimeter in size. 
Growth did not go beyond this stage, but this result 
suggests that cultures may eventually be grown from 
single isolated pollen grains. 

In an effort to devise media of known constituents 
to replace those containing yeast extract or coconut 
milk, various synthetic media were tried. None of 
these were successful. Attempts were then made to 
obtain new strains of tissue from pollen placed on 
media of known composition. For this, the basal 
medium was used as noted in table I. 

The growth response of the tissue to various treat- 
ments was evaluated in the following manner. The 
tissue inoculum of about 500 mg was weighed and 
distributed to five test tubes, each containing 18 to 
20 ml of medium. After three (or in some experi- 
ments four) weeks growth in the dark at 24 to 25° C, 
the tissue was harvested and weighed. The ratio of 
the final fresh weight divided by the inoculum weight 
gave an index of growth termed the growth value. 
The responses to media were repeated at least once. 
Controls were used for each experiment and the in- 
oculum was of uniform age. 


TABLE I. 








CONSTITUENTS 


NaH,PO, - H,O 
KCl 

KNO, 

Na,SO, 
Ca(NO,), + 4H,0 
MgSO, - 7H,O 





NaMoO, - 2H,O 
CuSO, - 5H,O 
MnSO, - 4H,O 
ZnSO, - 7H,O 
H,BO, 

Ferric citrate 


Thiamine HCl 
Pyridoxine HCl 
Nicotinic acid 
Calcium pantothenate 


Glycine 

Naphthaleneacetic acid 
Sucrose 

Agar 

pH adjusted to 6.0 (NaOH) 





RESULTS 


The basal medium was supplemented separa: ly 
with nine different amino acids and the stored po: on 
was inoculated on these media. Table II shows t’ at 
tissues were formed only on media containing ar: i- 
nine, tryptophane, or coconut milk. Three lar se 
tissue masses were formed on the basal medium pi 1s 
arginine, one small tissue on the medium with trypto- 
phane, none on the basal medium, but many on tiie 
medium with coconut milk. The large number of 
tissues on the coconut milk medium is the highest 
frequency of tissue formation obtained in any pollen 
cultures to date. This frequency is apparently not due 
to the arginine content of the coconut milk, since 
Paris, Duhamet and Goris (9) report that coconut 
milk contains only about 100 ppm of arginine, and 
the number of tissues on the medium with arginine at 
100 ppm was very much lower than on the coconut 
milk medium. 


TABLE II. 


FORMATION OF TISSUES FROM POLLEN oF GINKGO ON 
MeprA CONTAINING CERTAIN AMINO ACIDS 








Concen- NUMBER OF TISSUES 
TRATION AFTER AFTER 
IN PPM 5 MONTHS 11 MONTHS 





AMINO ACID 


1-Arginine HCl 70 a 
1-Aspartic acid HCl 60 
1-Glutamic acid HCl 150 
Glycine 


0 

0 

0 

dl-Methionine ‘ 0 
5 0 

0 

1 

0 





1-Phenylalanine 
1-Proline 
1-Tryptophane 
1-Tryosine 
(Coconut milk) 


ROK sooooooOw 


40 
(20 % volume) 135 


i) 





Approximately 10,000 pollen grains were placed on 
the basal medium supplemented with each amino acid. 
The germination was 5% or 500 per treatment. Stored 
pollen which was four years old was used as inoculum. 


When large enough, the tissues on arginine and 
tryptophane were transferred. The tryptophane iso- 
late was small and soon died. The three arginine 
strains grew well and one was active after more than 
24 transfers during 18 months. 

Further results with arginine were obtained when 
some 15,000 viable pollen grains were placed on media, 
respectively, with 40, 100, 200, 500, 1000, 2000 and 
4000 ppm arginine. Numerous small tissues were 
visible, especially with low magnification, on media 
with more than 500 ppm. Although only four tissues 
were large enough for subculturing, their occurrence 
indicated that such tissues may be obtained repeatedly. 

One strain originating on the basal medium with 
arginine was designated 5857, indicating the month, 
day and year when the tissue was first isolated. 
Another strain which arose from pollen grown on the 
basal medium plus coconut milk was designated strain 


81056. 
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TIME IN WEEKS 

Fic. 2 (upper left). The effect of arginine concentration on the growth of strain 5857. These results are the 
average of two experiments, taken after three weeks growth. Growth value equals the final fresh weight/initial 
fresh weight. 

Fic. 3 (lower left). The growth response of two strains of pollen tissue: strain 5857 originated from pollen 
grown on a medium with arginine; 81056 originated on a medium with 20% coconut milk. Growth value equals 
the final fresh weight/initial fresh weight. 

Fic. 4 (upper right). Canavanine inhibition of the arginine strain 5857. The growth values were obtained after 
three weeks growth. 

Fic. 5 (lower right). The growth of the arginine strain (5857) of pollen tissue on basal medium plus compounds 
related to the ornithine cycle, both in the presence and in the absence of ammonia. The growth values were ob- 
tained after four weeks. 
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The 5857 strain of pollen tissue responds to vary- 
ing concentrations of arginine as is shown in figure 
2. The growth value at 1,000 ppm is more than 
double that at 100 ppm; concentrations greater than 
1,000 ppm decrease growth. On the basal medium 
without arginine, the growth value of 2.0 is probably 
the result of the arginine carried over in the inoculum. 
The tissue dies in the second transfer on media lacking 
arginine. From these data it is apparent that the 
basal medium with arginine at 100 ppm serves to main- 
tain the tissue, while the optimum concentration is 
1,000 ppm of arginine. The tissue was maintained at 
the lower level because it was considered more respon- 
sive to additions to the medium, either inhibiting or 
promoting, than it would be at higher levels of 
arginine. 

The growth curves of two strains of tissue, one on 
arginine (5857) and one on coconut milk (81056) 
are compared in figure 3. Both strains were placed 
on two media: the basal medium plus arginine (0.5 
mM.) and the basal medium plus coconut milk (20 %). 
The growth values, taken at weekly intervals, show 
that strain 5857 on the arginine medium grows more 
efficiently than either 5857 on coconut milk medium 
or 81056 on either the arginine or the coconut milk 
medium. 

Canavanine, an antimetabolite of arginine, inhibits 
the growth of the arginine-requiring strain. A pre- 


liminary experiment established the effective levels of 
canavanine inhibition at 10 to 25 ppm. 


An experi- 
ment based on this information is shown in figure 4. 
Canavanine at 25 ppm inhibits growth of the tissue 
when arginine is present in suboptimal amounts (10 
ppm).. Increasing the amount of arginine reversed 
this inhibition to a slight extent. In this case, cana- 
vanine apparently does not function as a competitive 
inhibitor ; the inhibition is irreversible and arginine 
does not relieve it in any direct relation to the amount 
of canavanine present. 

Whether the arginine requirement for strain 5857 
may be satisfied by compounds related to arginine or 
by simpler nitrogen sources was tested in the follow- 
ing manner. Ammonia (as ammonium sulfate), ni- 
trate (potassium and calcium nitrate), and urea were 
sterilized by filtering and then added to the basal 
medium at several concentrations (0.1, 0.5, and 1.5 
mM). The growth on these media was compared to 
the growth obtained on media containing 0.5 mM argi- 
nine. Nitrate was found to be a very poor nitrogen 
source ; urea supported fair growth, but ammonia was 
the best substitute for arginine. Since these experi- 
ments were first transfers from the basal medium 
plus 0.5 mM arginine on which the tissue was main- 
tained, it was assumed that there was a slight carry- 
over of arginine. Three successive transfers were 
made on the nitrate, urea and ammonia media in order 
to remove the residual arginine effect. It was con- 
firmed that nitrate was unavailable; urea was utilized 
on the first, but not on successive transfers. Am- 
monia continued to support relatively high levels of 
growth. The growth values on basal medium plus 0.5 
mM ammonium sulfate during three successive trans- 
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fers (8.5, 10.9, 8.9) compared favorably with he 
growth values obtained on the control basal med. i:m 
plus 0.5 mM l-arginine HCl (11.0, 10.3, 10.2). 

The growth of strain 5857 on basal medium pus 
compounds related to the urea-ornithine cycle \. as 
compared to the growth obtained on the control ar;:i- 
nine medium. All the compounds were tested at (5 
mM concentration, both in the presence and in the «ip- 
sence of ammonia nitrogen; the results are shown in 
figure 5. Without ammonia present, arginine is the 
best nitrogen source and ammonia, lysine, ornithine 
and urea, in that order, partly replace arginine. Pro- 
line, citrulline, aspartic acid and glutamic acid were 
poor nitrogen sources, while glycine was no better 
than the basal medium. Growth of the tissue on these 
same media supplemented with 0.5 mM ammonium sul- 
fate shows that ammonia increases growth to about 
the level obtained on basal medium plus 0.5 mM 
arginine, indicating that ammonia is a good source 
of nitrogen but higher levels of ammonia inhibit the 
tissue. Even more striking is the growth response 
obtained on media with proline and ammonia (growth 
value 18.2) as compared to the control of arginine 
and ammonia (17.9). Thus, while ammonia alone 
becomes toxic at higher levels, it promotes growth 
of the tissue on media with arginine or proline. 

The effect of proline on the growth of the arginine 
strain of tissue was tested by incorporating proline 
or hydroxyproline into the basal medium with arginine 
present or absent. The data in figure 6 show that 
proline can be utilized by the tissue in the absence of 
arginine while hydroxyproline consistently inhibited 
growth. The inhibition of growth by hydroxyproline 
was directly related to its concentration, but the in- 
hibition was slight at 6 ppm. 
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Fic. 6. The growth response of the arginine strain 
(5857) to media containing proline or hydroxyproline. 
The growth values were taken after four weeks. 
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DIscussION 


| here are several interesting speculations regard- 
ing the causes of tissue formation from the pollen. 
Among the factors which might contribute to abnor- 
mal growth are the method of pollen storage, the 
growth of immature pollen grains and the effect of 
constituents of the culture media. An equally proba- 
ble and more basic possibility is the abnormal genetic 
constitution of some pollen grains. As direct prod- 
ucts of meiosis and as gamete-forming tissue, the 
pollen is expected to vary in its genetic composition. 
The basis for this variability lies in the chromosomal 
recombinations which may occur during meiosis. In 
natural pollen populations, it can be assumed that 
natural selective mechanisms would operate to prevent 
the growth and normal function of abnormal pollen 
grains, including mutants with an unusual biochemical 
make-up. Ifa particular pollen grain could not syn- 
thesize or obtain from tissues of the developing ovule, 
the required level of a factor necessary for growth, 
it would perish or it would develop abnormally. But 
this aberration in its biochemical apparatus might be 
overcome by providing a suitable environment. The 
substrate used for the culture of pollen would thus 
permit the survival of imperfect pollen. Although 
this is not the only explanation possible, the arginine- 
dependent strains of tissue are considered to arise from 
abnormal pollen grains which are biochemical mutants 
of this type. 

If conditions mentioned above represent a reason- 
able evaluation of the circumstances involved in the 
formation of some tissues from the pollen, then it may 
be expected that other strains of tissue with different 
specific nutritional requirements could be isolated. 
The many tissues originating on coconut milk media 
might represent several kinds of abnormal growth or 
combinations of deficencies. 

A number of papers (2, 8, 10, 16, 5) have indicated 
a significant role for arginine in the metabolism of 
both plant and animal tissues. Fries (3) has shown 
that only arginine, of 22 amino acids tested, was able 
to replace the activity of an extract of cotyledons and 
stimulate lateral rooting in decotylized pea seedlings. 
And Kruse and McCoy (5) have demonstrated an 
arginine requirement for the growth of cells of the 
Walker Carcinosarcoma 256. When fed C-labelled 
arginine, 25 % of the isotopic compound was recovered 
from cellular protein; the fate of the remainder was 
not determined. Inhibition of these carcinosarcoma 
cells on canavanine was reversed by added arginine, 
thus indicating a competitive inhibition of arginine 
utilization. In the case of the arginine strain of 
pollen tissue (5857), the canavanine inhibition is not 
reversed by arginine, indicating a non-competitive 
block, perhaps of a more fundamental arginine-requir- 
ing reaction or possibly a strong binding of canavanine 
to an arginine-utilizing system. 

Two excellent papers by Duranton (1, 2) have 
shed light on the degradation of arginine in tissues of 
the Jerusalem artichoke. With C'* labelled arginine 
(amidine group) he was able to show that urea was 


formed during arginine utilization; with N,, labelled 
arginine (amidine) he showed the amino nitrogen to 
be recycled into the free amino acids of the cells, 
especially into glutamic acid, but also into proline 
and hydroxyproline. 

The importance of proline and hydroxyproline in 
the protein metabolism of higher plants has been em- 
phasized by Steward and Pollard (11) in their work 
on carrot root explants and derived cells. They found 
that C!* proline was incorporated into metabolically 
inactive cellular protein and that part of this proline 
was transformed into hydroxyproline. They also 
called attention to the fact that hydroxyproline in- 
hibited growth induction by coconut milk; this in- 
hibition was reversed by proline. From this and 
other data they inferred a correlation between rapid 
growth and the proline-hydroxyproline metabolism of 
certain tissues. 

Proline stimulates the growth of the arginine strain 
of pollen tissue, alone, with arginine, and in the pres- 
ence of ammonia; in the latter case to an extent not 
equalled by other compounds related to the ornithine 
cycle. In addition, hydroxyproline inhibits tissue 
growth in the presence of arginine. These results in- 
dicate a significant role for proline in the metabolism 
of this tissue, possibly related to arginine and pro- 
tein synthesis. The findings of Kasting and Delwiche 
(4) point in a similar direction. They found that 
when watermelon seedlings were infiltrated with C'* 
arginine, proline was highly labelled compared to 
glutamic acid. They suggested a close metabolic re- 
lationship between proline and citrulline. 


SUMMARY 


Strains of tissue may be isolated from Ginkgo 
pollen grown on a synthetic medium containing argi- 


nine. These strains are regarded as biochemical mu- 
tants which have been selected from large populations 
of cultured pollen. In the nutrition of these tissues, 
arginine is the best nitrogen source, but may be partly 
replaced by ammonia, lysine, ornithine or urea, in 
that order; nitrate and glycine are not utilized. 
Among compounds related to the ornithine cycle, pro- 
line promotes growth and hydroxyproline is inhibi- 
tory. Canavanine inhibition of the tissue is only 
slightly reversed by added arginine. 
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Ethylene has been identified as a normal metabolic 
product of a wide variety of fruits (1, 15, 24), many 
flowers (6, 10, 29), certain fungi (7, 26, 40) and 


some leaves (6, 14, 31). Although studies of the bio- 
logical effects of ethylene have revealed that in trace 
amounts ethylene is able to modify a number of proc- 
esses of growth and development, the gas is normally 
produced in such minute quantities that physiologically 
active concentrations seldom accumulate. Flowers, 
for instance, respond to their endogenously produced 
ethylene only when they are confined without ventila- 
tion (10). Ripe fruits, however, are an exception in 
that their tissues may contain large internal concen- 
trations of ethylene which are sufficient to accelerate 
the ripening of immature fruits. It is uncertain 
whether the gas normally initiates ripening, i.e. acts 
as a ripening hormone, or whether it is simply a by- 
product of the process. There is general agreement, 


1 Received March 16, 1959. 

2 Costs of this research were defrayed in part by a 
grant to Prof. K. V. Thimann from the Maria Moors 
Cabot Foundation. 

8 This research was carried out while S. P. Burg held 
a research fellowship from the U. S. Department of 
Health, Education and Welfare. 


however, that ethylene production is restricted to 
that stage in the life of the fruit during which ripen- 
ing occurs. In fact, the time at which this substance 
begins to be produced is very near to the time of 
onset of fruit maturation. A knowledge of the chem- 
istry of ethylene production therefore, should help to 
elucidate the metabolic changes which take place just 
prior to ripening. Moreover, should ethylene truly 
initiate natural ripening, it would be all the more im- 
portant to know how the gas is synthesized and under 
what conditions the synthesis is initiated. 

Although there are a few reports describing the 
preparation of enzyme extracts which are capable of 
producing ethylene (7, 12, 13), attempts to duplicate 
these results by the original methods and by other 
procedures have so far been unsuccessful. For this 
reason studies were undertaken with tissue sections. 
The apple was chosen as an experimental material 
because of its relatively high rate of ethylene produc- 
tion. In the past, research on the biosynthesis of 
ethylene has been hampered by lack of a sufficiently 
sensitive and specific quantitative assay, but the recent 
development of gas chromatography has circumvented 
this problem and made possible a new approach. 
This paper reports some of the results which have been 
obtained using gas chromatography to investigate the 
ethylene production of apple tissue sections. 
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MATERIALS AND METHODS 


‘cIntosh apples were purchased at the local 
+ and stored at 4° C. The apples were found 
1 their maximum rate of ethylene production 
0) hours after they were transferred from cold 
ze to room temperature (4). The apples were, 
therefore, used for experiments at that time. A few 
expcriments were carried out with Baldwin and Red 
cious apples, and with Bosc pears, all of which 
treated in about the same way. 
[he construction and operation of the katharometer 
‘ gas chromatography system have been described 
tail elsewhere (2, 3). The sample of gas was 
cted into a flowing stream of helium which passed 
ough an 18 in. x 1/4 in. tube containing aluminum 
cide. The gases, emerging from this chromatogra- 
phy column as separate bands, were quantitatively 
assayed by means of a katharometer of special design. 
Apple emanations were characteristically fractionated 
into two separate bands on the aluminum oxide; the 
first contained oxygen, nitrogen, carbon dioxide and 
perhaps trace amounts of apple volatiles; the second 
contained only ethylene. Less than 10~? 41 of ethy- 
lene could be accurately measured by this procedure. 
Several independent means were used to establish 
that all of the material which was measured on the 
chromatograms was ethylene. Nitrogen, oxygen, 
methane, ethane, carbon dioxide, ethylene, propylene, 
n-butane, isobutane, ammonia, nitrous oxide, acety- 
lene, hexane, carbon monoxide, water vapour, ethyl 
alcohol vapour and acetaldehyde were tested for 
chromatographic behavior on the aluminum oxide, 
and only synthetic ethylene was found to have the 
same retention time as the substance contained in 
apple emanations. Nitrous oxide chromatographed 
only slightly ahead of ethylene and mixed chromato- 
grams of the two gases showed a single peak. The 
two gases were separated, however, on a long silica 
gel column and apple volatiles showed only a single 
peak corresponding to ethylene when this adsorbent 
was used. The material was completely absorbed in 
bromine water and on mercuric perchlorate reagent 
(41); it could be recovered quantitatively from the 
latter reagent by addition of HCI or lithium chloride 
(see 2 for exact procedure). Since the mercuric 
perchlorate reagent is specific for olefines, and other 
olefines, if present, would have given clearly separate 
bands, the identification of ethylene is definite. 
Although only a few ml of gas could be passed 
through the chromatography column in a single analy- 
sis, it was found that the volume of air in contact 
with a few grams of tissue could readily be kept to 
this minimum. This allowed direct measurement of 
the ethylene. About 12 plugs, 4x1 cm in size, were 
cut from a single apple with a cork borer. The plugs 
were rinsed in tap water, dried, weighed (ca 2.7 g 
each), and inserted in 5 ml hypodermic syringes into 
which they fitted very closely. Silicone lubricant, in 
which ethylene is not soluble, was used to grease the 
syringe plungers, which were then set at the 4.2 ml 
mark. Since previous experiments had shown that 
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evacuation does not affect the subsequent rate of ethy- 
lene production (4), all syringes were placed in a 
desiccator and evacuated to remove the ethylene pres- 
ent in the intercellular spaces. Immediately after air 
was readmitted needles were added and sealed by in- 
sertion into rubber stoppers. The syringes were then 
incubated for 60 to 90 minutes at 27° C. This tem- 
perature was found to be close to the optimum for 
ethylene production in McIntosh apples (4). At the 
end of the collection period the stoppers were removed, 
the contents of the syringes were pressed out and the 
gases were collected over water. Since apple tissue 
is soft enough to be pressed out’of a syringe, and 
ethylene has only a very slight solubility in water, al- 
most the entire gaseous contents (ca 1.8 ml) as well 
as the contained ethylene (ca 0.2 #1) were recovered. 
The entire sample was analyzed by gas chromatogra- 
phy, which yielded a value for the concentration of 
ethylene in the atmosphere surrounding the tissue. 
The total volume of air initially present in the syringe 
was calculated from the known volume of the syringe 
(4.2 ml) and the weight of the contained tissue, using 
the facts that apple tissue has a density of 0.8 (24) 
and a free air space of 33 % (25). When this pro- 
cedure was employed, it was found that determina- 
tions of the rate of ethylene production of apple sec- 
tions extracted from various parts of a single fruit 
agreed within +5 %. 

The oxygen consumption and carbon dioxide pro- 
duction of tissue sections (ca 1 g weight) were deter- 
mined in constant volume respirometers. A differen- 
tial system with and without alkali was used for 
carbon dioxide measurements (39). 


RESULTS 


AREA OF Cut SurFACE: Plugs cut from various 
parts of an apple showed nearly identical rates of 
ethylene production, and they maintained these rates 
with very little decline for at least 7 hours after the 
tissue had been removed from the fruit. Changes in 
the cut surface area, however, markedly affected 
respiration and ethylene production in apple tissue. 
Table I illustrates the progressive rise in respiration 
and decline in ethylene production which occurred 


TABLE I. 


Errect oF CUTTING ON RESPIRATION AND ETHYLENE 
Propuction oF McIntosH AppLes AT 23° C 








WHo._e* 4 cm 1 MM 
APPLE PLUGS** SLICES** 





Ethylene (ul/Kg/hr) 975 952 41.0 
Carbon dioxide (#1/g/hr) 17.1 33.5 48.5 
Oxygen (#1/g/hr) 152. Bee 28.8 
Area of cut surface (cm?/g) 0 5.8 33.3 





* The ethylene production and respiration rate of the 
whole fruit were determined by methods somewhat dif- 
ferent from those used for the tissue sections. Details 
are given elsewhere (2, 11). 


** Measurements over a one hour period after cutting. 
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as the cut surface area was increased. There is evi- 
dence that the increased evolution of carbon dioxide 
is the result of the decarboxylation of malate (20, 
22), but the changed oxygen consumption and ethylene 
production cannot be immediately related to malic 
acid metabolism. The ethylene output of 4 cm plugs 
was not significantly different from that of the intact 
fruit, but that of the 1 mm tissue slices, in which the 
cut surface area was five to six times greater, was re- 
duced by 58 %. As the slices averaged 10 to 12 
cells in thickness the effect cannot be accounted for 
solely by physical damage at the cut surface. 

In searching for a convenient compromise be- 
tween the intact plugs (into which solutions could 
penetrate only with difficulty) and the tissue slices 
with their diminished rate of ethylene production, it 
was found that the ethylene production was reduced 
less than 10 % when a 1 mm hole was bored longitudi- 
nally through the center of an apple plug and the 1 mm 
center cylinder replaced in it. The permeability of 
plugs prepared in this manner was compared to that 
of tissue slices by soaking both plugs and slices in 
various concentrations of iodoacetamide and determin- 
ing the oxygen consumption. The penetration of the 
inhibitor, as judged by the decline in respiration at 
the various applied concentrations, was found to be 
identical in the two cases. 


WaTER SOAKING: When plugs were prepared as 
above by boring holes through their centers, and both 
the resulting pieces were soaked in water for 60 
minutes at room temperature before they were dried 
and reassembled, the tissue consistently showed a 
50 to 75 % decrease in ethylene production as com- 
pared. to unsoaked plugs prepared in a similar man- 
ner. A comparable decrease was found when 1 mm 
thick slices were soaked in water. This effect was 
not due to a water soluble inhibitor, since water in 
which tissue had been macerated was no more inhibi- 
tory than distilled water or continuously changed tap 
water. The respiration rate of both slices and plugs 
was unaffected when the tissue had been soaked in 
water for 60 minutes. 

One possible explanation for the decrease of ethy- 
lene production caused by soaking in water is that 
essential materials escape from the sections. An ex- 
periment was designed to measure the actual loss of 
two classes of compounds, namely reducing sugars and 
acids. Six plugs were cut from an apple. Holes 
were bored through their centers and the plugs were 
rinsed, dried and weighed. Three plugs were at once 
individually extracted by grinding in a mortar with 
50 % ethanol. The solutions were filtered, the alco- 
hol removed under reduced pressure and the volumes 
adjusted to 50 cc. ‘The remaining three plugs were 
placed in individual Petri dishes, each containing 50 
ce of distilled water. After one hour the plugs were 
removed and extracted with ethanol as before. A 
10 cc aliquot of each sample was purified by warming 
with a few drops of lead acetate, filtering, adding a 
crystal of dibasic phosphate and filtering again. The 
reducing sugar content of this final solution was de- 


TABLE II. 


CHANGES IN REDUCING SUGAR AND TITRATABLE 
CoNTENT oF APPLE PLUGS* 








REDUCING SUGAR (G/KG FW oF TISSUE) 


TISSUE 
AFTER 
SOAKING 


44.8 9.6 
47.8 9.8 
46.3 9.1 


46.3 9.5 


UNTREATED 


AMPLE 
S TISSUE** 


WATER 





53.7 
49.9 
55.7 
53.1 


Acidity (meq/Kg FW of tissue) 
Untreated 
tissue** 


Tissue 
after soaking 
59.2 
58.6 


Water** 


Sample 








223 
19.3 
16.3 


88.2 
87.0 
87.6 63.8 


Av. 87.6 60.5 


* Soaked 60 minutes in distilled water. 

** Untreated tissue samples are arranged in an arbi- 
trary order. 

*** The actual amount of acid which escaped from the 
tissue must be greater than that recovered in the water 
since applied malate is rapidly decarboxylated (22). 





termined by Nelson’s arsenomolybdate method (24), 
A 35 cc aliquot from the original solution was used 
for the determination of the total acid content. This 
aliquot was titrated to pH 9.0 with carbon dioxide 
free base, and then back-titrated to pH 3.0 with 
standard 0.1 N HCl; distilled water was titrated to 
similar values as a control. The results (table IT) 
show that apple tissue is remarkably permeable. It 
loses about 17 % of its reducing sugar and 25 % of 
its total acidity during one hour’s soaking in water. 

If the decline in the ethylene production of tissue 
soaked in water is due to the escape of solutes from 
the cells, it might be expected that this effect could 
be reversed, or the ethylene production accelerated, 
by adding compounds which could replace the lost ma- 
terial. Accordingly, various compounds were soaked 
into apple plugs prepared as above. A number of 
these were found to be very effective but, as will be 
seen, the basis of their activity is entirely different 
from that which might be expected. 


EFFECT OF VARIOUS SOLUTES IN MAINTAINING 
ETHYLENE Propuction: Unless otherwise stated the 
soaking in water or test solution was of one hour’s 
duration in all cases, and the two pieces were then 
reassembled and their rate of ethylene production de- 
termined. One of the first compounds to be tested was 
glycerol. Its effect will be discussed in detail since 
it was used as a standard. 

Figure 1 presents a typical experiment. After the 
tissue was soaked in water for 60 minutes its rate of 
ethylene production was greatly decreased. The low 
rate continued more or less unchanged for about 100 
minutes and then fell almost to zero. If instead, the 
tissue were initially soaked in 0.55 M glycerol solu- 
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Fic. 1 (upper left). Effect of pretreatment on the subsequent rate of ethylene production. Lower curve: tissue 
soaked in water for 60 minutes. Center curve: tissue pretreated with 0.55 M glycerol for 60 minutes. Upper curve: 
untreated controls. Each curve the mean of 6 to 10 experiments. 





80 120 l 


Fic. 2 (upper right). Relative effectiveness of various concentrations of glycerol'and potassium chloride in main- 
taining the ethylene production of apple tissue sections. The solutions were soaked into the tissue for 60 minutes and 
the ethylene production was determined during the next 90 minutes. The KCI curve is corrected for association 
which occurs at the higher normalities. 


Fic. 3 (lower left). Time-course curves showing the ability of glycerol to reverse the effect of water soaking. 
In beth curves the time corresponds to the total duration of the initial water soak. At the times indicated two apple 
plugs were removed from water. Lower curve: one sample was tested for ethylene production during the next 1 hour 
interval. Upper curve: the second sample was soaked in 1 M glycerol solution for 30 minutes before its rate of 
ethylene production was determined. 


Fic. 4 (lower right). Changes in the fresh weight of apple cylinders after 60 minutes treatment with various 
concentrations of glycerol. 
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tion, its rate of production of ethylene remained close 
to that of fresh untreated controls, and furthermore, 
the production continued linearly for the same length 
of time as in controls. The data presented here were 
derived from samples which were all placed in 
syringes at the beginning of the experiment. Both 
the glycerol treated and the untreated tissues ceased 
to make ethylene after 250 minutes of confinement, 
but calculations based on the respiration rate and the 
free air space of the syringes show that this is exactly 
the time at which the oxygen content should have 
dropped to between 1 and 3 %. Ethylene production 
is strongly inhibited by these low oxygen partial 
pressures. The process, in fact, ceases when the condi- 
tions become completely anaerobic (4, 15). It seems 
in general that glycerol produces an effect of very 
long duration ; as nearly as can be determined, glycerol 
maintains the tissue in very nearly its normal metabol- 
ic condition. 

The ethylene production rates in a series of ex- 
periments at different concentrations of glycerol are 
plotted in figure 2. In each case the steady rate after 
60 minutes soaking is expressed as percentage of that 
of the fresh control tissue in the same experiment. 
It is evident that at concentrations above 0.4 M, 
glycerol completely prevents the decline in ethylene 
production and maintains the rate at essentially that 
of fresh cut tissue. This was true even at above 1 M, 
when the apple plugs were completely flaccid. In no 


instance, however, was the rate increased above that 
The respiration rate of the gly- 


of the fresh tissue. 
cerol treated tissue remained close to that of the con- 
trols in all cases. 

The effect on ethylene production and respiration 
exerted by a variety of other organic substances was 
investigated in order to determine whether a substrate 
specificity was involved. Glycerol was assigned the 
value of 100 % activity. In each experiment rates 
were determined for tissue treated with 5 % (0.55 M) 
glyeerol, water anda 5 % solution of the test material 
(adjusted to pH 5.0). Many compounds were found 
to prevent to varying extents the decline in ethylene 
production induced by water soaking. In addition to 
glycerol, hydracrylic amide proved to be 100 % ef- 
fective; Sodium pyruvate, potassium malate, aceta- 
mide, malonamide, glycolamide, ethanolamine-hydro- 
chloride, lactamide, glycine, alanine and sodium 2- 
phosphoglycerol were between 50 and 90 % effective. 
Several sugars and sugar phosphates (sodium salts), 
sodium citrate, choline hydrochloride, ethylene glycol 
and 1,2-propanediol produced smaller though definite 
effects. Most of the other substances tested, including 
a large array of organic acid salts, alcohols and ni- 
triles, were equally inhibitory to both ethylene produc- 
tion and respiration even at relatively low concentra- 
tions. In fact, with minor exceptions, all compounds 
which when present at high concentrations did not 
disrupt the tissue respiration were at least partially 
able to reinstate ethylene production. In no case was 
a compound found to show any activity at a concentra- 
tion below 0.2 M. This fact along with the obvious 
lack of metabolic relationship hetween many of the 


substances, suggests that the various materials : 
serving as substrates for ethylene synthesis. 

If a substance necessary for ethylene prod 
leaks out of apple tissue when it is placed in \ 
then glycerol and the many other active organic « 
pounds might in some way alter the permeabil::y 
the tissue and prevent this material from esc: 

If this were true, then glycerol applied after «5 
had been water soaked, should not be able to reiiis 
the ethylene production. For 100 minutes (fig 
nearly linear relationship exists between the du 

of the exposure to water and the extent to whic! 
ethylene production falls off. If at any time during 
the first 80 minutes the tissue was removed from water 
and soaked for 30 minutes in 1 M glycerol, the ethy- 
lene production was almost completely reinstizted, 
Even after 80 minutes, glycerol always produced ap- 
proximately the same percentage acceleration but the 
tissue had gradually lost much of its ability to produce 
ethylene. Similar results were obtained with hydra- 
crylamide. Since both of these compounds increased 
the ethylene production after water soaking had low- 
ered it, it follows that the compounds could not have 
acted by preventing a substance from leaving the tis- 
sue. On the contrary, they must either themselves 
penetrate into the tissue or else cause an osmotic 
withdrawal of water. Moreover, the damage induced 
by water soaking eventually became irreversible. 
This strongly suggests that an enzyme system is being 
affected by the treatment. 


NATURE OF CHANGE CAUSED By SOAKING: As 
mentioned above, the fact that glycerol and other sol- 
utes are only effective in high concentrations suggests 
that the action may depend upon regulation of the 
cell’s water content or solute concentration. This 
supposition was verified by the effectiveness of certain 
inorganic compounds. Two salts, CaCl, and KCl, 
have been tested; 3 % (0.37 M) CaCl. was about 
50 % as effective as glycerol in maintaining the ethy- 
lene production, whereas 3 % (0.4 M) KCl was just 
as active as the best glycerol concentrations. In 
figure 2 the relative activities of various normalities 
of glycerol and potassium chloride are compared. 
Equivalent normalities of both substances are equally 
effective. This indicates that the two compounds are 
almost certainly acting by the same mechanism, and 
the mode of action must therefore be osmotic. 

In storage tissue such as the apple, the changes 
in water content can be studied by carefully drying 
and weighing tissue sections before and after treat- 
ment with inert solutes. The effects of externally 
applied glycerol solutions and water on the water 
content of apple plugs were therefore studied in this 
way. The main object was to determine whether it 
is the water content or the solute content of the cells 
which is critical for ethylene production. When ap- 
ple plugs were soaked in water, it was found that the 
osmotic response of the tissue was atypical. Water 
soaking (table III) did not bring the tissue to full 
turgor, except perhaps for the first few minutes; 
there was, instead, a steady loss in fresh weight for 
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TABLE IIIT. 


IN WATER CONTENT OF APPLE TISSUE SOAKED 
IN WATER AS A FUNCTION OF 
DURATION OF TREATMENT 


CHAN 








DURATION OF 
?EATMENT (MIN) 


% CHANGE IN TISSUE 
FRESH WEIGHT 


0.0 
+26 
=i 
—1.6 
eS 
wh 
—8.4 
—97 

—10.4 








at least 90 minutes. After 1 hour the total loss in 
fresh weight was approximately 10 %. By this time 
the tissue had lost much of its turgor. The data of 
table II however, showed that in 60 minutes the leak- 
age of solute from the tissue amounted to only about 
1.8 % of the initial fresh weight. The conclusion is 
inescapable that the cells actually lose water when they 
are surrounded by water! From the figures in the 


table, it can be estimated that the solute decreased 
by about 17 %, whereas subtracting the weight of 
solute lost from the decline in tissue fresh weight 
yields a value for the loss in tissue water of 7.9 %. 
The solute concentration of the cells must therefore 
diminish by about 10 % in spite of the water loss. A 
measurement of the tissue’s suction pressure, using 


mannitol as a plasmolytic agent, showed that it was 
nearly 0.65 M. Presumably the osmotic concentra- 
tion is slightly higher than this figure, so that the net 
result of soaking apple tissue in water must be to 
diminish the solute concentration by at least 0.07 M. 

Figure 4 presents the changes in weight which 
occurred when apple plugs were soaked in glycerol 
solutions of various concentrations. In the range 
0.23 to 0.6 M glycerol, the fresh weight of the tissue, 
instead of declining, actually increased slightly. 
This result cannot be accounted for solely in terms of 
the weight of glycerol that entered into the cells. 
Even in complete equilibrium with 0.5 M glycerol, 
the fresh weight of apple tissue would increase by 
less than 4 %, whereas in water the observed loss was 
very nearly 10 %. In part, this peculiar response 
may be explained in terms of known physical laws. 
The amount of glycerol that penetrated into the tissue 
should be roughly proportional to the concentration 
of the applied glycerol solution. At low molarities 
the solute leakage was probably more rapid than the 
glycerol entry, causing the turgor pressure to de- 
cline and water to be forced out by the cell walls. At 
progressively higher glycerol concentrations an in- 
creased amount of glycerol permeated the cells; a 
point was reached at which the amount of glycerol 
which had entered exactly balanced the amount of 
solute which had escaped, so that the tissue reached 
optimum turgor. At still higher concentrations 
enough glycerol may have entered to increase the 


weight of the tissue slightly. Finally, at concentra- 
tions above about 0.6 M, plasmolysis would be ex- 
pected to occur and, indeed, the tissue was found to 
be flaccid. 

McIntosh apples are not unique in the behavior 
described above. In preliminary experiments, Red 
Delicious apples have been found to behave very 
similarly ; Baldwin apples and Bosc pears also showed 
a sharp optimum in their fresh weight at a particular 
applied concentration, although they did not change 
in weight when soaked in water alone. One aspect 
of Bosc pear behavior suggests that the interpreta- 
tion offered above cannot be the entire explanation. 
The osmotic pressure of the pear tissue was consider- 
ably higher than that of apples; plasmolysis did not 
occur until concentrations of sucrose higher than 
0.95 M were applied. Pear sections reached their 
highest fresh weight when they were soaked in 0.6 M 
sucrose; the actual increase in weight amounted to 
more than 8 %, which is clearly too high to be ac- 
counted for by the weight of the sucrose which might 
have entered. Apparently, therefore, some water 
entry must also be involved. 

Comparing the data shown in figures 2 and 4 
provides convincing evidence that the ethylene-pro- 
ducing system is sensitive to the solute concentration, 
but not to the water content of the cell. All glycerol 
and KCl concentrations above 0.4 N (fig 2) are 
100 % effective in preventing or reversing the decline 
in ethylene production caused by water soaking. A 
0.4 N glycerol solution, however, left the tissue fully 
turgid. Indeed, it counteracted the loss that would 
have occurred in water, whereas a 1.09 N concen- 
tration produced an even greater water loss than did 
water alone. It follows that ethylene production and 
the water content of the cell cannot be directly related. 
If, on the other hand, the final tonicity of the cell sap 
is proportional to the concentration of the applied 
solution, then there could be a definite correlation 
between solute concentration and ethylene production. 
Thus, when the tissue was. soaked in water, both the 
cellular solute content and the rate of ethylene produc- 
tion were decreased. When the tissue was soaked in 
a strong solution of glycerol or KCl, both the solute 
concentration and the ethylene production were main- 
tained. The latter was at almost the same rate as 
that of untreated tissue. If this is the maximum rate 
of ethylene production of which the tissue is capable, 
then it is not surprising that above some critical 
level (0.4 N), increasing the concentration of glycerol 
or of KCI should produce no further increase in the 
ethylene production. 

The ethylene production of other tissues behaved 
similarly to that of the McIntosh apples. Both Bald- 
win and Red Delicious apple sections showed very low 
rates of ethylene production when they were soaked 
in water, whereas the rates were maintained at a 
high level when the soaking was carried out in 0.55 M 
glycerol. After one hour’s soaking in water, cylinders 
cut from Bosc pears consistently showed no detectable 
ethylene production at all. The production could be 
maintained if the tissue was soaked in sucrose solu- 
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tion; « rate equal to that of the freshly cut control 
was reached at about 0.9 M sucrose and above. Only 
at concentrations above 1.4 M was a definite decline 


noted. 


In::ipttors: Nine different inhibitors were in- 
vestigated, using a range of concentrations soaked into 
McIntosh apple tissue plugs. It should be noted that 
in such a procedure depressing the rate of ethylene 
production by water soaking is unavoidable, and the 
effect of the inhibitor always is superimposed. This 
is not a severe limitation because water-soaked tissue 
from a single apple shows reproducible rates of ethy- 
lene production. These rates, therefore, provide ac- 
ceptable control values. Figures 5 through 10 illus- 
trate the changes in respiration and ethylene produc- 
tion induced by various concentrations of 2,4-dinitro- 
phenol (DNP), fluoride, iodoacetamide, arsenite, 
fluoroacetate and sodium bisulfite. Thiourea and 
cyanide were non-inhibitory while not only was ma- 
lonamide non-inhibitory, but also it was actually me- 
tabolized (decarboxylated) by the tissue. 

Although the role of phosphorylation in mature 
fruits and in the ripening process has been the sub- 
ject of dispute (21, 28, 34), it now seems clear that 
phosphorylations are uncoupled by DNP in at least 
some fully mature fruits (19). Pearson and Robert- 
son (28) pointed out that, whereas an appropriate 
concentration of DNP accelerates the respiration of 
preclimacteric apple slices, no concentration of this 
reagent will produce this effect on climacteric tissue. 
This does not constitute evidence that DNP is without 
effect on phosphorylations in the mature apple. It 
rather indicates that the ATP/ADP ratio does not 
control the respiration rate at this stage in fruit de- 
velopment. The inhibition of ethylene production by 
DNP (fig 5) probably means that a phosphoryla- 
tion is involved in the synthesis of ethylene. A 
similar result was reported earlier for Red Delicious 
apples (38), and has recently been observed in to- 
matoes (36). 

Attempts were made to reverse the inhibition by 
supplying ATP and various other sources of energy. 
The high permeability of the cells (mentioned above) 
would be expected to allow the entry of a variety of 
molecular types. Glycerol alone at 0.55 M concen- 


TABLE IV. 


REVERSAL OF INHIBITION OF ETHYLENE PRODUCTION AND 
RESPIRATION CAUSED BY 2-4-DINITROPHENOL (DNP) 








RATE AS % OF THAT IN GLYCEROL 
TREATED TISSUE** 


Cat, O, Co, 
Propuc- ConsuMP- LIBERA- 
TION TION TION 


Glycerol (G) 100 100 100 
Water 43 100 100 
DNP 12 33 40 


25 36 42 
ATP 50 59 52 
a-keto 





CoMPOUNDS FED* 





71 65 89 
citrate 61 53 66 
malate 80 80 125 
acetyl- 
54 60 57 
pyruvate 53 47 93 
oxaloacetate 50 39 61 
DNP + G + fructose- 
diphosphate 83 69 80 
DNP + G 4+ glucose-6- 
phosphate 50 50 72 
DNP + G 4+ glucose-1- 
phosphate 74 50 72 


*DNP applied at 5 « 10-5 M, glycerol at 0.55 M, 
and other compounds at 5 x 10-2 M. A\ll solutions ad- 
justed to pH 5.0. Additional compounds producing no 
effect: alanine, glycine, glycolamide, succinate, fumarate 
(slightly toxic), propionate, glucose, acetamide. : 

** Measurements made over a 60 minute period follow- 
ing the treatment. 





tration caused a slight reversal of the inhibition of 
ethylene production without affecting respiration. 
This is no doubt attributable to a reversal of the effect 
of water soaking, and it is not directly concerned with 
the DNP inhibition. At a concentration as low as 
5 x 10-2 M, compounds added in the absence of gly- 
cerol could not be expected to raise the rate of ethylene 
production above the 43 % value obtained when tissue 
was soaked in water alone. When this was found to 





Fic. 5-10. The rates of ethylene production A—A and respiration Q——O© of tissue soaked in various con- 


centrations of the inhibitors as compared to the rates of water soaked controls. 


a 9) minute period after treatment. 
Fic. 5 (upper left). Dinitrophenol. 
Sodium fluoride. 


Iodoacetamide. 


Fic. 6 (upper right). 
Fic. 7 (center left). 
Fic. 8 (center right). Fluoroacetate. 
Fic. 9 (lower left). 


Fic. 10 (lower right). Sodium bisulfite. 


All measurements were made over 


Sodium arsenite. Upper curve O, consumption, lower curve C,H, production. 


The apparent rise in the respiration rate observed at high concentra- 


tions is almost certainly due to oxidative decomposition of the salt. 
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be true glycerol was included in all subsequent feed- 
ings to remove the restriction imposed by the water 
soaking. The rate observed in the presence of 0.55 M 
glycerol, 5 x 10-5 M DNP, and 5 x 10-2 M added 
compound was compared to the maximum rate which 
might be expected, namely that of tissue from the same 
apple treated with 0.55 M glycerol alone. The com- 
pounds were added in combination with DNP at pH 
5.0, and the tissue was soaked in the solutions for 60 
minutes at room temperature (table IV). 

In general, if it is agreed that DNP does not inter- 
fere with substrate level phosphorylations (5, 16), 
then the results are consistent with the hypothesis 
that ATP or some equivalent high energy source is 
required for ethylene synthesis. The active com- 
pounds without exception can give rise to ATP or 
acetylcoenzyme A by known metabolic reactions. 
ATP may arise during glycolysis (hence from the 
sugar-phosphates) or coincident with the decarboxy- 
lation of a-keto glutarate (and citrate may give rise 
to a-keto glutarate indirectly). Acetylcoenzyme A 
is formed during oxidative decarboxylation of pyruv- 
ate (and pyruvate may be derived from malate and 
oxaloacetate) or from acetyl-phosphate directly. It 
is noteworthy that whenever ethylene production was 
partially reinstated by an added compound there was 
some coincident acceleration of respiration. With 
the possible exception of alanine, none of the inactive 
compounds (see footnote to table IV) could increase 
the ATP or acetylcoenzyme A level of the tissue by 
known pathways. 

The special case of alanine was subjected to an 
additional experiment, since alanine might be con- 
verted via pyruvate to acetylcoenzyme A. A detect- 
able increase in the carbon dioxide production of the 
tissue resulted when as little as 6 X 10-* M sodium 
pyruvate was soaked into apple plugs, but the carbon 
dioxide production remained unchanged when even 
100 times this concentration of alanine was applied. 
Apparently under the conditions of these experiments 
alanine is simply not converted to pyruvate in sig- 
nificant quantities. 

Since fluoride lowers the respiration rate of the 
tissue, fluoride must decrease the availability of energy 
an‘ thus produce somewhat the same overall effect as 
DNP. This may be the basis for the inhibitory effect 
of fluoride on ethylene production shown in figure 6. 
Attempts were made to reverse this inhibition in the 
same way as with DNP (summarized in table V). 
The stimulation with added ATP. and the lack of 
response to AMP, are certainly consistent with the 
idea that ATP or a high energy acylated compound is 
involved in ethylene synthesis. With minor excep- 
tions the interpretations advanced for DNP can ac- 
count for the observed results. An added considera- 
tion is that any stimulation of the electron transport 
system may now result in the production of energy. 
Taking this latter fact into account it is perhaps not 
surprising that the inhibitions caused by fluoride can 
be more completely reversed than those caused by 
DNP. While the activity of the sugar-phosphates is 
not easily reconciled with the known inhibitory action 


TABLE V. 


REVERSAL OF INHIBITION OF ETHYLENE PRODUCTION ANp 
RESPIRATION CAUSED BY FLUORIDE 








— 
=—= 


RATE AS % OF THAT 'N 
GLYCEROL TREATED TISs\ E** 


i | 6G CO, 
Propuc- Consump- Liprra- 
TION TION TION 


Glycerol (G) 100 100 100 
Water 42 100 100 
NaF 25 52 5 
NaF + G 55 64 5 
NaF + pyruvate 110 75 9 
NaF + acetyl- 





COMPOUNDS FED* 





84 87 64 
ATP 100 84 7 
citrate 82 &3 78 
malate 109 82 65 
a-keto 
75 62 63 
oxaloacetate 70 53 
NaF + G + fructose-di- 
phosphate 68 85 63 
NaF + G + glucose-1- 
phosphate 70 91 68 
NaF + G + glucose-6- 
phosphate 68 78 74 
NaF + G + succinate 67 100 74 
NaF + G + AMP 40 65 60 


*NaF applied at 10-° M, glycerol at 0.55 M, and 
other compounds at 5 x 10-2 M. All solutions adjusted 
to pH 5.0. Additional compounds producing no effect: 
alanine, glycine, glycolamide, hydracrylamide, glucose, 
fumarate and acetaldehyde (slightly toxic). 

** Measurements made over a 60 minute period follow- 
ing the treatment. 





of fluoride on the enolase reaction, their stimulatory 
effect might be exerted through an alternative path- 
way of sugar metabolism. 

Attempts to reverse the inhibition caused by iodo- 
acetamide were unsuccessful (table VI). The failure 
of applied ATP and acetyl-phosphate to stimulate 
ethylene production indicates that more than energy 
is lacking in tissue treated with iodoacetamide. Since 
this inhibitor binds sulfhydryl groups generally, the 
inference is that a grouping of this type may be in- 
volved in one or more stages of ethylene synthesis. 


DISCUSSION AND CONCLUSIONS 


Evidence has been presented that the various sub- 
stances which accelerate the rate of ethylene produc- 
tion in water-soaked apple sections exert their effect 
by a physical action. Since it appears that the solute 
concentration and not the water content of the cell is 
the critical factor, it may be concluded that the ulti- 
mate effect is being exerted on a body which is smaller 
than the whole cell and enclosed by an osmotic bar- 
riex. This body or particle must contain the ethylene 
producing system. 
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Tasce VI. 


Arrest AT REVERSAL OF INHIBITION OF RESPIRATION 
AND ETHYLENE PropucrTion CAUSED 
BY [ODOACETAMIDE 





RaTE AS % OF THAT IN 
GLYCEROL TREATED TISSUE** 


CA, oO, co, 
Propuc- ConsuMpP- LIBERa- 
TION TION TION 


Glycerol (G) 100 100 100 
Water i 100 100 
Iodoacetamide (I) 19 54 56 


a G 52 56 63 
I + G + pyruvate 50 51 83 
I + G + acetyl-phosphate 51 56 45 
I+ G+ ATP 49 58 59 


* Iodoacetamide applied at 10-2 M, glycerol at 0.55 M 
and other compounds at 5 x 10-2 M. All solutions ad- 
justed to pH 5.0. 

** Measurements made over a one hour period follow- 
ing the treatment. 





COMPOUNDS FED* 








It is now well established that isolated mitochon- 
dria have osmotic properties, and that their gross ap- 
pearance and biochemical activity may be dependent 
upon the tonicity of the solution in which they are 
suspended. Moreover, as demonstrated by Laties 
(17) and Opie (27), isolated mitochondria can stand 


dehydration but not swelling. The ethylene produc- 
tion of apple tissue behaves similarly, since it is in- 
hibited by a lowered but not by an increased cellular 
solute concentration. Even plasmolyzed cells can 
still produce ethylene at maximal rate. Although 
most investigations of the effect of tonicity on mito- 
chondria have been performed on isolated systems, 
adverse effects of water soaking on the mitochondria 
and metabolism of intact tissue have also been re- 
ported. Salt accumulation is controlled by the cyto- 
chrome-cytochrome oxidase system which is certainly 
associated with the mitochondria (32, 33). Stiles 
and Dent (37) found that prolonged washing could 
decrease salt accumulation and respiration in tuberous 
roots and stems. Laties (18) has shown that wash- 
ing of cauliflower pieces lowers the amount of suc- 
cinic dehydrogenase activity which could subsequent- 
ly be isolated from the tissue, and succinic dehydro- 
genase is known to occur in the mitochondrial frac- 
tion (32). Elliot and Libet (8) observed that the 
respiration of brain minces suspended in water was 
considerably less than when the tissue was in an iso- 
tonic environment. However, if the ethylene produc- 
ing system is in a particle, there would be no reason 
a priori to suppose that the system is in the same par- 
ticle as that which contains the respiratory enzymes. 
In fact, there is evidence which at first sight appears 
to the contrary. Smock and Sparrow (35) for 
instance, reported that apples irradiated with 20,000 
to 40,000 r of gamma radiation showed a reduced rate 
of ethylene production but an unchanged respiration 


rate. Hansen (15) found that at high temperatures 
the ethylene production of pears was severely. retard- 
ed, but the respiration stimulated. Thus irradiation 
and high temperatures produce effects similar to water 
soaking, which, as described in this paper, reduces the 
ethylene production of tissue sections but does not 
affect the respiration rate. As against this evidence 
of separation between the two functions, two other 
facts seem to establish a close relationship between 
respiration and ethylene formation. In the first place, 
the threshold concentration of all inhibitors was found 
to be the same for both processes. . Moreover, 
throughout a large concentration range of each of 
several poisons, the inhibition of ethylene production 
was closely comparable to that of respiration (figs 5 
through 10). Secondly, the response to oxygen ten- 
sion of the two processes is nearly identical; both 
reached half their maximum rate at about 1.5 to 
2.0 % O. (4). As a working hypothesis, therefore, 
it is proposed 1) that the system producing ethylene 
is located in a particle; 2) that it is dislocated by even 
a slight swelling of the structure; 3) that it is very 
closely linked, at least for an oxygen consuming step 
(4), with the terminal oxidase, and 4) that it is de- 
pendent upon the respiratory process for energy. 
The different responses of the respiratory and ethy- 
lene producing systems to osmotic and other physical 
changes might be accounted for in one of two ways. 
Both systems may be located in the same particle, 
presumably a mitochondrion, but the enzymes func- 
tioning in ethylene synthesis might be much more sus- 
ceptible to inactivation. Alternatively, and perhaps 
less probably, two distinct particles may be involved. 

It is interesting that the concentration of glycerol 
(ca 0.23 N (fig 4)) which just maintains the tissue 
at its initial water content, is the lowest concentra- 
tion which suffices to produce a measurable effect on 
the ethylene production (see fig 1). A 100 % re- 
sponse, however, is not obtained until a somewhat 
higher glycerol concentration is applied. This sug- 
gests that glycerol is not as efficient in maintaining 
the ethylene producing particles as is the normal 
solute mixture present in the cells. There is, indeed, 
other evidence for some sort of specificity. For 
instance, although 1,2-propane diol is closely related 
to glycerol and would be expected to penetrate into 
the tissue more easily than glycerol does, even very 
high molarities of 1,2-propane diol did not produce the 
same effect as glycerol. Similarly, certain of the 
other organic substances were not as active as might 
be expected in terms of the rate at which they probably 
entered into the tissue. What must be considered, 
however, is not only the permeability of the plasma 
membrane but also the permeability of the particle 
membrane. A substance which enters the cell very 
easily might also pass into the particle and thus 
would not be able to affect the turgor of that body. 
The steepness of the curves shown in figure 1 sug- 
gests that the particle is extremely sensitive to a very 
slight decrease in the osmotic content of its environ- 
ment, for raising the normality of the applied solutions 
from 0.2 to 0.4 N covers the entire range from zero 
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to 100 % effect. With a system of such sensitivity 
it is conceivable that very slight differences in the 
permeability of the applied compounds might account 
for the apparent specificity. 

It might be expected that the absolute value of 
the cellular osmotic concentration would have no 
bearing on the activity of the enzymes contained in a 
particle as long as the contents of the particle were 
in complete equilibrium with their environment. 
Otherwise, marked metabolic changes might be ex- 
pected to result from slight variations in the osmotic 
content of a cell. However, evidence does exist that 
in the case of ethylene production the osmotic condi- 
tions under which cells are growing may be crucial. 
Two groups have studied the effect of varied carbon 
sources on the production of ethylene by Penicillium 
digitatum. Fergus (9) reported that glucose did 
not support ethylene production as well as did sucrose. 
Phan-Chon-Ton (30) found that glycerol and alanine 
greatly increased the production of ethylene, whereas 
acetaldehyde and pyruvate also produced small in- 
creases. He concluded that glucose was a better car- 
bon source than sucrose, whereas fructose was inferi- 
or to sucrose. Ulrich (personal communication) 
noted that glycine accelerated the production of ethy- 
lene. With the exception of acetaldehyde, which is 
toxic to both respiration and ethylene production in 
apple tissue, all of the compounds which accelerated 
the ethylene production of Penicillium digitatum are 
also among those which prevent the inhibition caused 
by soaking apple sections in water. If the biochem- 
istry of ethylene production is the same in this fungus 
as in the apple it would follow that the observed ac- 
celeration of ethylene production in Penicillium digi- 
tatum is not due to the provision of substrate. In- 
deed, Phan-Chén-Ton’s data (30) show that, with 
the exception of fructose, there is a direct correlation 
between the osmotic concentration of the medium and 
its ability to support ethylene production. These ex- 
periments with Penicillium digitatum strongly sug- 
gest that the formation of the enzyme system which 
produces ethylene was favored by raising the solute 
concentration of the medium. 

Calculations based on values for the standard free 
energies of formation of ethylene and many common 
biological intermediates show that there is in all cases 
a net loss of free energy in the conversion of unit 
activities of these intermediates to ethylene (2). 
However, in all hypothetical schemes, one step, the 
introduction of the double bond, involves an increase 
in free energy. Evidence has been presented earlier 
(2, 4) that one of the terminal steps in the formation 
of ethylene is a dehydration; it seems probable that 
this may be the reaction in which the double bond is 
formed. If, as the inhibitor studies indicate, respira- 
tion provides energy for the synthesis of ethylene, then 
this energy may be utilized in or just prior to the 
terminal reaction in which the molecule is desaturated. 
Moreover, it should not be possible to inhibit tissue 
respiration without simultaneously inhibiting the 
ethylene production. Three instances of the con- 
verse effect, in which ethylene production is decreased 


or eliminated without a concomitant decline in res _ra- 
tion, were mentioned above. On the other |: nd, 
there does not seem to be a single clear-cut exai. ple 
in which respiration can be inhibited without a s: ni- 
lar effect on ethylene production. Such evidenc. as 
there is, therefore, favors this interpretation. 


SUMMARY 


The ethylene production of McIntosh apple tissue 
sections was studied by means of a highly sensitive 
gas chromatographic technique. 

Apple sections show a wound response which 
consists of an accelerated respiratory rate and a de- 
creased intensity of ethylene production. Soaking 
the tissue in water for 60 minutes depressed the rate 
of ethylene production by more than 50 %; this soak- 
ing did not affect the respiration rate of the tissue. 

The inhibition of ethylene production caused by 
soaking in water was completely prevented by high 
concentrations of glycerol, hydracrylic amide or po- 
tassium chloride, and partially prevented by a large 
variety of other compounds. In no case, however, 
could the rate of ethylene production be raised above 
that of unsoaked controls. Correspondingly, evidence 
is presented that the various substances do not act at 
the substrate level, but rather regulate the solute 
content of the cell. It is deduced that the ethylene 


producing mechanism is located in a particle that is 
extremely sensitive to the solute concentration of the 


cell sap, the particle being able to withstand dehydra- 
tion but not swelling. 

The water relations of apple tissue were found to 
be atypical: the cells lost relatively large amounts of 
water and solute when suspended in water, whereas 
they actually gained water when suspended in high 
molarity glycerol solutions. 

The effects of several inhibitors on ethylene pro- 
duction and respiration were investigated. DNP, 
fluoride, iodoacetamide, arsenite, sodium bisulfite and 
fluoroacetate all inhibited both processes to about the 
same extent over wide concentration ranges and in 
each case with equivalent thresholds. The inhibitions 
caused by DNP, and to an even greater extent those 
caused by fluoride, were partially reversed by ATP or 
other energy sources; this suggests that at least one 
step in the synthesis of ethylene requires energy which 
is supplied by respiration. Another step may involve 
a sulfhydryl enzyme, since high energy compounds 
failed to reverse the inhibitory effect of iodoacetamide. 
The lack of inhibition with even high concentrations 
of cyanide makes it unlikely that an iron containing 
enzyme is involved in ethylene synthesis, whereas 
the results with bisulfite suggest that none of the im- 
mediate precursors is an aldehyde susceptible to bi- 
sulfite addition. The close relationship between ethy- 
lene formation and respiration, as well as previous 
work on the oxygen sensitivity curves for both 
processes, indicate that ethylene may be produced in 
the mitochondria. 
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STIMULATION OF THE RESPIRATION OF CHLORELLA VULGARIS BY PURINES 
AND PURINE ANALOGUES! 
MICHAEL K. BACH anp J. FELLIG 
RESEARCH DEPARTMENT, UNION CARBIDE CHEMICALS COMPANY, SOUTH CHARLESTON, WEST VIRGINIA 


In the course of studies of the incorporation of 
adenine-8-C'* into the nucleic acids of Chlorella vul- 
garis we observed an unexpectedly large formation 
of C'4O, by the cultures in the dark. When the oxi- 
dation of adenine in this system was followed mano- 
metrically, it was found that up to 10 or 20 times 
more oxygen was taken up by the cells than could be 
accounted for by assuming the complete oxidation of 
the adenine to CO., ammonia and water. 

The list of compounds which have been reported 
to stimulate the respiration of Chlorella is long, but 
the compounds have generally been either metabolic 
inhibitors such as HCN (17), 2,4-dinitrophenol (13), 
or p-chlorophenyl-1,1-dimethylurea (5), or simple 

’nitrogenous compounds acting on nitrogen starved 
cells (10, 12). The compounds of the first group 
are not typical constituents of living systems, and 
beyond the observation that some or all of them un- 
couple oxidative phosphorylation, little is known 
about their mode of action. The stimulation of res- 
piration caused by inorganic nitrogen compounds has 
been investigated thoroughly and it is believed (11) 
that it is due to the increased availability of acceptors 
for oxidative phosphorylation via the formation of 
glutamine and adenosine diphosphate from glutamic 
acid, ammonia and adenosine triphosphate. Quite in 
line with this hypothesis, Hattori (6) found that the 
oxygen uptake caused by the addition of inorganic 
nitrogen compounds was only of the order of 1 or 
2 M per mole atom of nitrogen added. 

By contrast to these findings, it is shown in this 
paper that the stimulation of respiration which is 
caused by the purines is at least 10 times greater than 
that observed for inorganic nitrogen compounds, and 
must involve an entirely different mode of action. 
Because these stimulations occurred with natural sub- 
stances as well as with their synthetic analogues it 
was of interest to investigate the structural require- 
ments for activity. The results of these studies are 
reported below. 


MATERIALS AND METHODS 


Cutture: Chlorella vulgaris (ATCC 11468) 
was cultured at pH 6.0 in medium I of Hutner et al 
(7) with a 10-fold increase in KH,PO, in specially 
designed cylinders (fig 1) which were maintained at 
26 to 27° C by circulating cooling water. Light was 
supplied laterally by cool-white fluorescent tubes at 
an intensity of 660 ft-c at the liquid surface. Aeration 
was with a prehumidified mixture of 5 % CO, in 


1 Received March 19, 1959. 


air at a rate of about 200 ml/min. A 7 % inoculum 
of actively growing culture was used, and the cultures 
in the cylinders were grown for 1 week. 


RESPIRATION Stup1ES: The cells were harvested 
by centrifugation, washed once with 0.067 M _ phos- 
phate buffer pH 6.0 and resuspended in fresh buffer, 
The final concentration was determined by the op- 
tical density at 440 me of a 1:10 dilution of the cell 
suspension in a Klett-Summerson colorimeter and 
corresponded to about 0.03 ml packed cells per mil. 
Oxygen uptake was measured in standard Warburg 
respirometers (15) at 25° C. in 15 ml flasks contain- 
ing air and a final volume cf 3.2 ml of liquid. Methyl- 
ene blue was added to the water bath to keep the 
flasks in the dark. Under these conditions the light 
intensity at the liquid surface in the flasks was about 
4 ft-c. The shaking rate of the respirometers was 
adjusted to keep the flask contents in equilibrium with 
atmospheric oxygen up to respiration rates of 450 
#1 O,/hr as determined by the oxidation of NaHSO, 
in the presence of catalytic amounts of CuSO,. In 
the respiration experiments duplicate flasks were used 
for each determination and results generally agreed 
within + 5 %. The purines to be tested were pre- 
pared as 10~* M aqueous stock solutions which were 
stored frozen at —20° C. Compounds which were 
not sufficiently soluble to permit the preparation of 
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Fic. 1. Cylinder for growing Chlorella vulgaris. 
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these stock solutions were pipetted into the Warburg- 
vesse! side-arms as fine suspensions. All the com- 
pouncs tested were found to be soluble at 10~* M in 
phosphate buffer at pH 6.0. The purines and their 
derivatives and analogues were obtained from the 
sources indicated in table IT. 


RADIOACTIVITY ANALYSES AND CHROMATOGRAPHIC 
Mernops: Radioactivity determinations were made 
by plating the samples on copper planchets according 
to the method of Bergmann et al (2) and counting 
with an end window Geiger counter. Results were 
corrected for the usual factors and expressed as in- 
finitely thick samples. The purines were chromato- 
graphed on Whatman No. 1 paper using one or more 
of the following solvents: isopropanol-HCl (ascend- 
ing) (14), water-saturated butanol (descending) 
(8), isoamyl alcohol-sodium phosphate (ascending) 
(8), water at pH 10 (descending) (8), and butanol- 
acetic acid water (ascending and descending) (18, 
3). The ultraviolet absorbing spots on the chromato- 
grams were detected with a mineralight short wave 
UV light. The distribution of radioactivity on paper 
chromatograms was determined by running the 
chromatograms on 1 cm wide strips of filter paper 
and cutting the strips into sections 6 to 16 mm long 
depending on the desired resolution. The sections 
were attached to copper planchets by means of rubber 
cement and counted in the usual manner. Acid solu- 
ble extracts of Chlorella were obtained by extraction 
for 1 hour at 4° C. with 5 % trichloracetic acid or 
perchloric acid depending on the use for which the 
extracts were intended. The trichloracetic acid was 
removed by ether extraction and the perchloric acid 
was removed by neutralization with KOH and centri- 
fugation of the precipitated KC10,. 


RESULTS AND DISCUSSION 


Figure 2 shows the response of the Chlorella when 
0.06 uM of adenine-8-C'* (a final concentration of 
2x10-° M) was added to the Warburg flasks. Res- 
piration continued in linear fashion for a period of 
2 hours, at which time the flasks containing adenine 
had taken up 2.45 #M oxygen in excess over the 
endogenous uptake. Isolation of the CO, absorbed 
in the center wells as BaCO, yielded 64 % of the 
initial radioactivity. Thus, if it is assumed that two- 
thirds of the added adenine was completely oxidized, 
this would account for the uptake of 0.2 #M of oxygen, 
or 8.4 % of the observed uptake of 2.4 #M. Similar 
experiments, using azaguanine-2-C!* and 6-mercapto- 
purine-8-C'* are summarized in table I. It will be 
noted that essentially no radioactivity was observed 
in the BaCO, in these experiments although the stim- 
ulation of respiration was similar to that observed 
with adenine. Furthermore, the radioactivity which 


2 The authors wish to thank all the investigators who 
generously made these compounds available. 


was taken up by the cells could be recovered almost 
quantitatively by extraction with cold trichloroacetic 
acid. The radioactivity in these extracts was shown 
by chromatography to be associated with 8-azaxan- 
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Fic. 2. The stimulation of respiration by adenine-8- 
C14 and the fate of the radioactivity. 610-2 4M 
adenine were added to each flask. 

Fic. 3. The stimulation of respiration of nitrogen 
starved Chlorella vulgaris by nitrogenous compounds. 
Purine. was supplied at 10-4 M, all other compounds at 
10-% M concentration. [] endogenous, x (NH,), SO,, 
@ KNO,, © urea, + allantoin, @ purine. 

Fic. 4. The stimulation of respiration of Chlorella 
vulgaris by various purines and purine analogues. All 
compounds were supplied at 10-4 M concentration except 
adenine, which was used at 210-4 M. [1 endogenous, 
x adenine, M@ azaguanine, () 6-methylpurine, + purine, 
@ 6-mercaptopurine. 
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thine when azaguanine had been supplied, and an un- 
identified compound which, in all probability had re- 
tained intact the purine ring system when 6-mercapto- 
purine was supplied. It must be concluded, therefore, 
that the observed stimulation of respiration is essen- 
tially independent of the oxidation of the purines. 


NitroGEN Errects: In early experiments a large 
day to day variation in the response of Chlorella to 
the purines had been encountered. This variation 
was eventually explained by the degree of nitrogen 
starvation of the cells being used. When KNO, at 
the rate of 1.2 g/l was added to th€ cultures the cells 
showed a response to purine only after several days’ 
further growth. With additional (NH,),SO, the 
same results were observed. When nitrogen rich 
cells which showed no response to purines were har- 
vested aseptically, washed in sterile phosphate buffer, 
resuspended in fresh medium which was free of nitro- 
genous compounds and aerated in the light for 24 
hours, a response to purines was demonstrated. At 
the stage of culture maturation at which the cells 
were able to respond to the added purines only 2 to 
3 % of the initially added ammonia could be recovered 
from the medium. 

To eliminate the possibility that the purines were 
acting in a non-specific way by the liberation of am- 
monia in their degradation, it became important to 
compare the purine effect with the effect of added in- 
organic nitrogen compounds. Figure 3 shows the 
respiration rates observed when urea, ammonia, ni- 
trate, allantoin and purine were added to the respiro- 
meter flasks. All compounds were supplied at the 
lowest concentration which had previously been found 
to bring about maximum stimulation. Just as had 
been reported by Hattori (6), essentially no diminu- 
tion in the rate of respiration following the exhaustion 
of the nitrogen substrate by the cells was observed. 
This is contrary to the observations of Syrett (10) 
but may be due to the difference in degree of nitrogen 


starvation to which the various cells had been exposed, 
The stimulations of respiration by purines which we 
have observed are not explainable as simple nitrogen 
effects. It will be noted from table I and figure 3 
that the purines stimulated respiration considerably 
more than the other nitrogenous compounds supplied, 
although their concentration was at least 10 times 
less. In fact the values shown in table I for the cal- 
culated activity of the purines as a ratio of M oxygen 
uptake/M nitrogen taken up by the cells (6) show 
that the stimulation by the purines is at least 10 
times greater than that of ammonia, the most active 
inorganic compound. Further, allantoin, which las 
been reported to be formed from purines in Chlorella 
(16), and which has frequently been implicated in 
the oxidative breakdown of the naturally occurring 
purines (4) is essentially inactive in our system. 
The data presented in table I clearly rule out the 
possibility that the purine rings of the unnatural 
purines are degraded to any significant extent. 
Therefore, if the activity ratios were computed on 
the basis of released inorganic nitrogen rather than 
of purine nitrogen supplied they would be at least 
100 times greater. Finally, in separate experiments, 
the cells were exposed to 6-mercaptopurine for 30 
minutes and one hour before being washed and re- 
suspended in phosphate buffer. It was found that 
even in the absence of added purines in the final sus- 
pending medium the respiration of the cells continued 
at the stimulated rate for periods of at least six hours. 
Thus it must be concluded that the purines exert a 
catalytic influence on the respiration of these cells 
without actually being used up in the process. 


STRUCTURE-ACTIVITY CORRELATIONS: In view of 
the wide interest in purine analogues as possible cancer 
chemotherapeutants, and of the availability of large 
numbers of these compounds it was of interest to 
relate activity to the structural features of the com- 
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TABLE JIA 


iry OF PuRINES AND PURINE ANALOGUES IN 
ULATING RESPIRATION OF CHLORELLA VULGARIS, 
ActTIvE CoMpouNpDs* 





ACTIVITY 


CoMPOUND RATIO Sourcest 





6-Mercaptopurine 2.9 {2 
Purine 2 
6-Cyanopurine 
6-Purinethiocyanate 
2-Azahypoxanthine 
4-Hydroxypyrazolo (3,4-d) - 

pyrimidine** 
6-Amino-4-hydroxypyrazolo- 

(3,4-d) pyrimidine** 
8-Chloroxanthine 
8-Azaadenine 

8-Azaguanine 
Deoxyinosine*** 

Adenine 
6-Chloropurine 
1-Methylhypoxanthine 
8-Aza-2-mercaptoxanthine 
6-Selenopurine 
6-Hydroxy-2,8-dimercaptopurine 
Guanosine 
Hypoxanthine 
8-Azaxanthine 
6-Bromopurine 
2,6-Diaminopurine 
Imidazolb] pyrazine 
4-Aminopyrazolo[3,4-d]- 

pyrimidine** 

Guanine 
Xanthine 
Deoxyguanosine 
6-Hydrazinopurine 
Inosine f 
2,6-Dimercaptopurine 
6-Methylthiopurine 
2-Mercaptoxanthine 
Uric Acid 
Kinetin 
6-n-Hexylaminopurine 
2,6-Dildiethylamino] purine 
6-Methylaminopurine 

6-[ p-Chlorobenzy1] thiopurine 
2-Mercaptoadenine 
2,6,8-Trichloropurine 
6-Hydroxylaminopurine 
6-Methyipurine 
4-Hydroxypteridine 
8-Aza-2,6-diaminopurine 

2,6,8,10-T etrahydroxyhomopurine 

Purine Riboside 
6-Iodopurine 
Indole 
1,3-Dimethyl-8-azaxanthine 
1-Methy1-2,6-dimercaptopurine 
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* Compounds listed in order of decreasing activity. 
See text for explanation of numerical values. 

** Effect very short in duration due to decomposition 
of compound by cells. 

*** The optimal concentration for this compound was 
510-4 M. Thus the observed oxygen uptake can be 
readily explained by the complete oxidation of the deoxy- 
inosine. 

+ Compounds were obtained from the following 
sources: 1) Commercial. 2) Dr. Gertrude B. Elion, 
3urroughs Wellcome & Company. 3) Dr. John Mont- 
gomery, Southern Research Institute. 4) Dr. R. K. 
Robins, Chemistry Department Arizona State College. 


pounds. Figure 4 is a typical example of the results 
obtained, and table II lists in order of decreasing 
activity the compounds which have been tested. 
Studies of the effect of purine concentration on the 
magnitude of the response showed remarkable uni- 
formity. With the exception of the naturally oc- 
curring purines, which showed maximal activity at 
concentrations as low as 2X10~° M, all compounds 
tested were most active at 10~* to 2X10~* M and, 
in general, there was little or no decrease in activity 
above this concentration. The concentrations used 
in the test represent the lowest concentrations which 
consistently gave maximum activity, with the excep- 
tion of adenine and hypoxanthine. These were used at 
2x10-4 M to maintain a sufficiently long period 
of linear oxygen uptake in spite of the relatively 
rapid rate of decomposition of these compounds by 
the cells. The activity ratios in the second column 
of this table represent the ratio of the initial rate of 
oxygen uptake in the presence of the compound to 
the endogenous rate. An activity ratio of 1.0, there- 
fore, indicates an inactive compound. Because of 
some day to day variation in the magnitude of the 
purine response which was encountered, adenine was 
included in all experiments as a reference standard. 
The activity ratios were normalized according to the 
following equation to adjust the activity of adenine 
to an arbitrary value of 2.0 
R = (X/E-1) 2E/A + 1 
where R is the activity ratio 
X is the initial rate of oxygen uptake in 
the presence of the purine 
E is the endogenous rate 
A is the initial rate of oxygen uptake in 
the presence of 2 X 107-4 M adenine. 
In practice these corrections rarely exceeded + 10 %. 
This method of calculation of activities assumes that 
the gain in respiration that is observed is a stimula- 
tion of the endogenous respiration rather than a 
stimulation of a normally inactive respiratory system. 
The authors have no evidence in support of this as- 
sumption, The respiratory quotients with and with- 
out added purines, however, were found to be essen- 
tially the same. Further, while the replication of 
numerical results when calculated in this manner was 
quite good (+10 %) it was much poorer when res- 
piration was expressed as Qo, and then factored to 
keep the value for adenine constant. It is felt, there- 
fore, that the adopted method of calculation more 
nearly represents the facts. A similar conclusion was 
reached by Syrett (10). 
A considerable range of purines and purine ana- 





5) Dr. Henry G. Mautner, Department of Pharmacology, 


Yale University School of Medicine. 6) Dr. Frank L. 
Muehlmann, Department of Chemistry, University of 
Pennsylvania. 7) Dr. F. M. Strong, Biochemistry De- 
partment, University of Wisconsin. 8) Dr. A. Giner- 
Sorolla, Sloan Kettering Institute for Cancer Research. 
9) Dr. Adrien Albert, Department of Medical Chemistry, 
Australian National University. 
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TABLE IIB 


ACTIVITY OF PURINES AND PuRINE ANALOGUES IN 
STIMULATING RESPIRATION OF CHLORELLA VULGARIS, 
INACTIVE AND INHIBITORY COMPOUNDS* 





ACTIVITY 


CoMPOUND RATIO Sourcest 





— 
Oo 


6-Chloro-7-methylpurine 

6-Mercapto-7-methylpurine 

Theobromine 

Caffeine 

3-Methyladenine 

9-Methyladenine 

Theophylline 

3-Methylhypoxanthine 

6-Hydroxylamidinopurine 

6-Carboxypurine 

Purine-6-carboxaldehydethio- 
semicarbazone 

Purine-6-carboxhydrazide 

4-Mercaptopyrazolo[3,4-d]- 
pyrimidine 

Cytosine 

Uracil 

Thymine 

Orotic Acid 

2,7-Dioxy-5-methylpyrazolo- 
[2,3-a] pyrimidine 

Indazole 

Benzotriazole 

2-Hydroxypteridine 

4-Aminobenzimidazole 

4,6-Diaminobenzimidazole 

Uridine 

Deoxyuridine 

Adenosine 

Deoxyadenosine 

Guanylic acid 

9-8-D-Glucopyranosyl-2,6- 
diaminopurine 

9-B-D-Ribopyranosylguanine 

Cordycepin (deoxyapiosyladenine) 

9-8-D-Glucopyranosyladenine 

9-8-D-Ribofuranosy1-2,6- 
diaminopurine 

9-8-D-Glucopyranosylguanine 

6-[1-piperidylamino] purine 

6-n-Butylaminopurine 

6-0-T oluidinopurine 

6-Benzylaminopurine 

6-Benzoylaminopurine 

6-Methyl-2-mercaptopurine 

6-Methyl-2-hydroxypurine 

6-Mercaptoguanine 

2-Mercaptopurine 

Isoguanine 

8-Hydroxypurine 

2-Hydroxypurine 

8-Aminopurine** 

2-Aminopurine** 


a 


_— 
eee Dn) 0000 DO CON DD Go Go 


is 
NENSSSSOSSSOSSOOSOSOSS SSSS SSSSoSoOoSSSSeSo Seeeoo So Sooo oooSoSO 
—_ 


Ca en ee ee es 
— 
eee et et et et et LO ot et 


— te 
— at et et 
NNHNNM 


as 
NP DO Do 


CO CO CO Fe 
CD Gd bt tt 8 I 


—_ 





*See Table IIA same footnote. 

** See Table IIA same footnote. 

+ See Table ILA same footnote for numbers 1 through 
9. 10) Dr. P. Schmidt, Ciba Ltd., Basle, Switzerland. 
11) Dr. G. B. McNair-Scott, Department of Physiology, 
University of Pennsylvania. 12) Dr. G. B. Brown, 
Sloan Kettering Institute for Cancer Research. 13) Dr. 
S. F. Mason, Department of Medical Chemistry, Austral- 
ian National University. 


logues show activity in this system. In trying to cor- 
relate activity with structure the following generaiiza- 
tions appear to be warranted: 

1) Destruction of the ring resonance by metliyla- 
tion of the heterocyclic nitrogens results in inactive 
compounds except when methylation is on the nuniber 
1 position. The hydrogen on position 9 can, in some 
cases be replaced by ribose or deoxyribose with re- 
tention of activity. The case of 8-aza-1,3-dimetiyl- 
xanthine seems to be an anomaly. 

2) There is relatively little specificity as far as 
the heterocyclic ring system is concerned. Replace- 
ment of the carbons at positien 2 or 8 by nitrogen does 
not destroy activity (II & III, figure 5). Further, 
rearrangement of the pyrimidine ring to a pyrazine 
ring does not destroy activity (IV, figure 5), though 
the activity of imidazo-(b)-pyrazine (figure 5) is 
considerably lower than that of purine. Rearrange- 
ment of the imidazole ring to a pyrazole ring (V, 
figure 5) results in compounds which, though ap- 
parently active, are readily inactivated by the cells. 
As a result, only very crude estimates of activity can 
be made and at this time the possibility cannot be ex- 
cluded that the short-lived stimulations observed with 
these compounds are not nitrogen effects, or even 
simply due to the oxygen uptake connected with their 
partial oxidation. The pteridine (VI, figure 5) 
analogue of an active purine was active, (compound 
43, table II) as was the exotic tetrahydrohomopurine 
(VII, figure 5), so that the imidazole ring can be 
replaced by a suitable six-membered ring. The ac- 
tivity of these compounds was quite low, however. 
None of the pyrimidines which were examined showed 
any activity, nor did any of the compounds which had 
a benzene ring in place of the pyrimidine ring (com- 
pounds 69, 70, 72, 73, table IT). 
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Fic. 5. Structure of ring systems of purine analogues. 
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TABLE III 


Evrect OF SUBSTITUTION AT 2 AND 8 PosITIONS ON 
RESPIRATION STIMULATING ACTIVITY OF 
6-SUBSTITUTED PURINES 
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3) There seems to be no correlation between the 
activity of a parent purine and the analogous 8-aza- 
purine. Thus the analogue of 2-thioxanthine, a com- 
pound of relatively low activity, is quite active while 
the aza analogue of diaminopurine is less active than 
the parent compound, and as was already mentioned, 
8-aza-1,3-dimethylxanthine is active, while 1,3-di- 
methylxanthine itself is inactive. 

4) A fairly good correlation exists between the 
activity of a 6-substituted purine, and the addition of 
further substituents around the ring. From table III 
the following generalizations can be made: a) If 
position 6 is occupied by hydrogen, substitution on 
positions 2 or 8 results in compounds which are either 
inactive or strongly inhibitory. It is of interest to 
note in this connection the very short duration of the 
maximal inhibitory activity of 2-amino- or 8-amino- 
purine. The nature of the detoxification product has 
not been established, but very likely it is the corres- 
ponding hydroxy compound which is much less in- 
hibitory, or the product of a partial oxidation by a 
xanthine oxidase type enzyme (1). b) When the 
substituent in position 6 leads to a compound which 
is highly active (i.e. an activity ratio bigger than 2.0) 
further substitution results in a drastic reduction in 
activity. However, when the 6-monosubstituted com- 
pound has only intermediate activity, such as for in- 


stance hypoxanthine, further substitution has little or 
no effect. 

5) There appears to be a maximum size of the 
substituent on position 6 which still permits activity. 
Table IV lists some of the compounds which are sub- 
stituted only in position 6 together with the molecular 
dimensions of their substituents as determined from 
Catalin molecular models. It will be seen that if 
either dimension of the substituent is greater than 
about 5 A no activity remains. Substituents having 
dimensions as large as 4.5 A result in compounds 
having marginal activity. The only inactive com- 
pound having a substituent smaller than 4.5 A is 
6-carboxypurine, and this can be explained if it is 
assumed that this group is firmly hydrated by 1 water 
molecule. The dimensions of the hydrated carboxyl 
group are well above the threshold value. There are 
a few compounds which have shown marginal activity 
and which have substituents larger than 5 A. These 
are 6-n-hexylaminopurine, kinetin, and 6-(p-chloro- 
benzyl) thiopurine. Very possibly other factors than 
the purine effect may play a role in the activity of 
these kinetin-like compounds. There seems to be no 
correlation between size of the functional group and 
the magnitude of the activity ratio as long as the 
group is smaller than the threshold value. 


INTERACTIONS OF ACTIVE AND INACTIVE PURINES: 
It would appear from these generalizations that posi- 


TABLE IV 


RELATION BETWEEN SIZE OF SUBSTITUENT AT POSITION 6 
AND RESPIRATION-STIMULATORY ACTIVITY OF PURINES 








SUBSTITUENT SIZE IN A 
SUBSTITUENT 





ACTIVITY 


HEIGHT WIDTH 


-SH 29 2.6 3.7 
-H 2.7 0.8 1.9 
-CN 26 3.1 2.5 
-SCN 2.3 2.6 5.8 
-NH, 2.0 2.0 3.5 
-Cl 2.0 2.4 28 
-Se 17 29 3.3 
-Br 1.6 2.7 3.2 
-OH 1.6 2.0 3.0 
-NHNH, 14 3.2 3.8 
-S-CH, 1.4 3.5 4.6 
-NH-CH, 1.3 3.5 4.3 





-NH-CH, £1 1.3 


-S-CH, “© Cl 1.3 

-NHOH 1.2 3.0 4.2 
-CH, 1.2 3.5 3.7 

I 1.1 3.0 3.5 
NH-(CH,),CH, minimum 5.8 6.3 
-CO,H (- H,O) 3.2 (5.4) 48 (5.9) 
-CONHNH, 5.6 6.5 
-CHNNHCSNH, 5.0 7.5 
-C(NH)NHOH 4.1 6.1 
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tion 6 of the purine ring is the key position which 
determines the activity or inactivity of a given com- 
pound. In view of the additional requirement for a 
suitable heterocyclic bicyclic ring system the activity 
of the purines appears to depend on at least two in- 
dependent binding sites, somewhat in analogy to the 
findings in the auxin series (9). It was of interest. 
therefore, to investigate the interactions of some of 
the active compounds with compounds which are in- 
active because they lack one of the two requirements 
for activity. The results of these experiments are 
presented in table V. The first 2 inactive compounds 
represent the class of compounds having substituents 
bigger than 5 A at the six position. The next 2 
compounds are inactive because of the methylation of 
the ring nitrogens, the next 2 compounds are inactive 
because of the nature of their ring system and the 
last compound is inhibitory to the endogenous respira- 
tion of the cell. As before, all compounds were used 
at 10-4 M except for adenine and hypoxanthine. 
* The numerical results were computed from the follow- 
ing equation: 
Rr’ = B/E—(B+N)/N 
oe B/E-1 





x 100 


where R’ is the % inhibition or stimulation; B is the 
initial rate of O, uptake for the active compound; 
E is the initial rate of O, uptake without additions 
(endogenous) ; N is the initial rate of O, uptake for 
the inactive compound; B+N is the initial rate of O, 
uptake for the combination of active and inactive 


compound. 

Effects smaller than 10 % were not considered. 
There was no clearcut correlation of the inhibition 
by inactive compounds of the stimulation due to active 
compounds in any one of these categories. But com- 
pounds from all categories showed some inhibitory 
activity. Thus it must be concluded that either the 
observed stimulation of respiration by the purines is 
a summation of the effects on several different sites, 
each having its own structural specificity, or that 


there is, indeed, a requirement for at least two pints 
of attachment, and compounds fulfilling one 0: the 
structural requirements for activity and not the «ther 
can act as inhibitors for the reaction. The qu inti- 
tative differences in the inhibition of the stimulation 
of several different active compounds by the -ame 
inactive compound can be explained by the rel:tive 
affinity(ies) of the enzyme(s) involved for the par- 
ticular active and inactive compounds. It should be 
emphasized, however, that the affinity for a given 
compound can, in no way, be equated to the activity 
ratio for that compound. The conditions under which 
the activities were determined involved enzyme satura- 
tion, and the activities, therefore, are a comparison of 
the effect of saturating the enzyme(s) involved with 
the various compounds. 

The stimulations which are recorded in several 
cases in table V are reproducible, and statistically 
significant. In the interaction of purine-6-carboxal- 
dehydethiosemicarbazone with adenine it was found 
that the degree of potentiation depended on the order 
of addition of the compounds. If adenine was added 
to the main compartment and purine-6-carboxalde- 
hydethiosemicarbazone to the side arm, rather than 
adding both compounds simultaneously as described 
above no potentiation was observed. 


PuRINE UPTAKE AND INTERCONVERSIONS: The 
fate of the purines during the stimulation reaction was 
of interest. When cell suspensions were incubated 
with purines or purine antagonists it was found that 
in many cases there was a very rapid and concentra- 
tive uptake of the compounds from the buffer solution. 
Table VI gives the composite results of such experi- 
ments and points out the rapidity with which this up- 
take takes place. The difference in activity of the 
various naturally occurring nucleotides in table II can 
be explained by the differences in their rates of up- 
take. Chromatography of perchloric acid extracts 
of the cells after one hour’s incubation, and of the 
supernatant solutions after three hours’ incubation 


TABLE V 


EFFECT OF INTERACTION OF ACTIVE AND INACTIVE PURINES, 
PurINE ANALOGUES AND PyRIMIDINES ON 
PURINE-INDUCED RESPIRATORY 
STIMULATION* 











ACTIVE 
COMPOUNDS 


PER CENT INHIBITION (—) 


OR STIMULATION (+) OVER STIMULATION BY ACTIVE COMPOUNDS ALONE 





INACTIVE 


COMPOUNDS ADENINE 


6-CYANO- 
PURINE 


8-Aza- Hypo- 
GUANINE XANTHINE 


6-CHLORO- 
PURINE 


6-MERCAP- 


PuRIN 
E TOPURINE 





Purine-6-carboxhydrazide 0 
Purine-6-carboxaldehyde- up to 
thiosemicarbazone +76** 
Theobromine (3,7-dimethylxanthine) 0 
9-Methyladenine —13 
Cytosine —36 
Uracil 0 
8-Aminopurine +14 


0 —78 0 


—8l 
—47 
—25 


+21 —66 

—52 
+38 
0 


0 





* All compounds were tested at 10-4 M except adenine which was added at 2 x 10-4 M. 


added to the cell suspension at the same time. 


Both compounds were 


Effects smaller than 10 % are not recorded. 
** Degree of stimulation was dependent on order of addition of compounds. 


See text for details, 
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TaBLeE VI 


CONCENTRATIVE UPTAKE OF PURINES AND PURINE ANALOGUES FROM SOLUTION AND 
Terr ACTIVITY IN STIMULATING RESPIRATION IN CHLORELLA VULGARIS * 








- WAVE 
l-itive LENGTH 
» par- Ac- OF 
1d be TIVITY READ- 30 45 60 90 
vives By 

tivity 
v hich 
itura- 
on of 
with 


TIME IN MINUTES 
REMARKS 





ComMProuND 


120 180 240 


my 





6-Mercapto- 
purine 


See C14 exp'’t. this. 
compound 

Supt. spectrum = 
purine 
spectrum 

No spectral 
changes 

No spectral 
changes 

No UV abs. ma- 


2.9 325 1.675 1.521 1.428 1.332 1.300 


0.470 
0.716 
0.214 


0.575 0.460 0.442 ... 0.460 
26 ~ eae ieee «ee 0.691 


OS5G sis ee 0 0286 


Purine 2.4 


2.6 0.711 


0.281 


6-Cyanopurine 
2-Azahypox- 
anthine 2.3 


veral 
ically 
Oxal- 


‘ound 
order 


4-Hydroxy- 
pyrazolo 
[3,4-d] 


terial found at 
120 min in supt. 
or acid cell ex- 


tract 

Spect. of final 
solution = 
azaxanthine 


. No sol. UV abs. 
material found 
0.547 at end of exp'’t. 
Recovered from 
cells as azaxan- 
thine 


ulded 0.113 0.039 0.040 0.000 


alde- 
than 
ribed 


pyrimidine 


0.190 
1.472 


0.241 
1.998 


8-Azaguanine 0.174 
Adenine <ioa| GOO 
6-Chloropurine 0.569 

1-Methylhypox- 


anthine : ® a au 


0.106 0.034 


0.764 


The boas Sree 0.518 
. was 
ated 
that 
ntra- 
ition. 
peri- 
$ up- 
' the 
[ can 
' up- 
racts 
' the 
ition 


0.004 0.024 
0.052 


1.270 


8-Azaxanthin : SSN eegigtt leva 
2,6-diamino- 
0.371 0.287 


purine 
2,6-dimerca pto- 
— 1.134 1.227 


purine 
Purine-6-car- 
boxhydrazide 
Purine-6-alde- 
hydethiosemi- 
carbazone 
8-Hydroxy- 
purine 


8-Aminopurine 
Recovered un- 


changed 

Recovered un- 
changed 

Cell extract gave 
unchanged 
starting 
material 

Cell extract 
gave unchanged 
starting 
material 

Cell extract 
gave unchanged 
starting 
material 

Recovered un- 
changed 


Adenosine 
Deoxyadenwu- 
sine 


Guanusine 


Deoxyguano- 
sine 255 0.680 
0 0 


0.605 0.603 


1.050 
0.680 


248 
262 


Inosine 1.4 
Purine 


Riboside £2 





* The optical densities of the supernatant solutions are given. Readings were taken at the time intervals shown 
and at the wavelengths shown in the third column. 
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resulted in the recovery of materials which moved 
with the same R, values in the isoamyl alcohol solvent 
as the nucleosides which were initially supplied. 
Thus, in all probability, the activity of the hypoxan- 
thine and guanine nucleosides is not due to their 
hydrolysis to the free purines. 

It appears that the uptake of the most active free 
bases is relatively small and is quickly terminated. 
The uptake of many of the compounds of intermediate 
activity is much faster, frequently approaches com- 
pletion and their recovery from the cells is generally 
poor. In some cases this could be explained by 
changes in the nature of the compound involved. 
Thus azaguanine is rapidly and completely converted 
to azaxanthine, as shown by the absorption spectra 
of the cell extracts, the R, of the isolated material in 
isopropanol-HCl and the co-chromatography of the 
product from the action of Chlorella on 8-azaguanine- 
2-C'* with unlabeled azaxanthine in three different 
solvents. In other cases, particularly in the case of 
6-chloropurine, no valid explanation of the change 
is available so far. Perhaps the relatively lower ac- 
tivity of these comipounds reflects a competition for 
their utilization via several pathways, only one of 
which results in the stimulation of respiration. . The 
increases in absorption which were observed with 
dimercaptopurine, and to a lesser extent with purine- 
6-carboxaldehydethiosemicarbazone and purine-6-car- 
boxhydrazide are not fully understood. The spectrum 
of the products from dimercaptopurine is the same as 
that of the pure compound, only the extinction has 
been increased. Chromatographic data suggest the 
formation of a new compound. It is hoped to investi- 
gate these changes further. A discussion of the im- 
plications of these results on the metabolic changes 
during nitrogen starvation, and the possible functions 
of free purines in the control of metabolism will be 
presented in future papers which will deal with sev- 
eral aspects of the biochemistry and biological speci- 
ficity of the purine effect. 


SUMMARY 


1) A large stimulation of the respiration of nitro- 
gen starved Chlorella vulgaris cells by low concentra- 
tions of purines has been reported. 

2) It has been shown that this stimulation is not 
a nitrogen effect, and is not due to the oxidation of 
the purines. 

3) Close to-100 different purines, purine analogues 
and derivatives have been tested to establish the cor- 
relation of purine structure and activity in this system, 
and the results of these experiments have been dis- 
cussed. 
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MET\BOLIC RESPONSES TO AUXIN. V. DISSOCIATION BY CARBON MONOXIDE 
OF EFFECTS OF INDOLEACETIC ACID ON GROWTH AND RESPIRATION * 
E. MARRE, G. FORTI? anno B. K. GAUR® 
INSTITUTE oF BoTANy, UNIVERSITY OF MILAN 


A close connection between the effects of auxin 
on growth by cell expansion and on oxygen uptake 
has been postulated by several authors (1-5). It has 
been shown in a previous paper (9) that the enhance- 
ment by auxin of O, uptake is much better understood 
as a consequence of the activation of some oxidative 
system than as a mere consequence of the stimulation 
of growth. This conclusion was suggested by the 
observation that the high energy phosphate level in- 
creases, while the level of phosphate acceptor de- 
creases, during the first period following the indol- 
acetic acid treatment of isolated pea internode seg- 
ments (8, 9). 

It was thought that further information on this 
problem might come from a comparison between the 
O, uptake response and the growth response, as in- 
fluenced by varying concentrations of specific 
inhibitors. 

The inhibitor chosen in the present study has been 
carbon monoxide. It is generally accepted that light 
reversible inhibition of respiration by this compound 
is due to its specific action on cytochrome oxidase. 
Cytochrome oxidase appears to be the main terminal 
oxidase in the material used in these experiments, the 
etiolated pea seedling internodes, as Eichenberger 
and Thimann found that a 20 : 1 CO/O, ratio inhibits 
80 % of the O, uptake of these tissues, the inhibition 
being completely reversed by light (4). Moreover, 
Hackett et al (5) had previously shown that elonga- 
tion of coleoptile and pea internode segments is great- 
ly inhibited by CO, the inhibition being reversible by 
light. 

All of Eichenberger and Thimann’s experiments 
on CO and respiration were run in the absence of 
externally added auxin. On the other hand IAA at 
optimal concentration was always present in the ex- 
periments by Hackett et al on the effects of CO on 
growth. Thus, no data are available that would 
enable one to discriminate between the effects of the 
inhibitor on basal growth and respiration and those 
on the auxin induced stimulation of these 2 processes. 
Such a discrimination would obviously be necessary 
in order to compare the effects of the inhibitor on the 
respiratory response with those on the growth re- 
sponse. 


' Received for publication March 23, 1959. 

2 Present address: Johns Hopkins University, Mc- 
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The elucidation of the differential effects of CO 
on basal respect auxin induced growth and respiration 
has been taken as the central theme of the present 
investigation. 


MeETHOps 


Six mm long segments were prepared from the 
growing apical part of the 2nd or, in some experi- 
ments, 3rd internode of Alaska pea seedlings, cultured 
in complete dark for 6 to 8 days in a darkroom thermo- 
regulated at 25° C. The segments were washed with 
distilled water, randomized, and then maintained for 
about 1 hour in a large volume of distilled water. 
Lots of 20 segments were then measured and trans- 
ferred together with 2.5 ml of water, in the main 
compartment of Warburg flasks, containing 0.2 ml 
of 7 % KOH in the central well, and 0.5 ml of either 
6 xX 10-* M indolacetic acid (IAA) or distilled 
water in the side arm. The flasks were flushed with 
the desired CO-O.-N, mixtures for 7 minutes, under 
agitation (90 osc. per min.). IAA, or water for the 
controls, was tipped into the main compartment after 
about 1 hour from the first reading, when the O, up- 
take by the segments had reached a practically con-— 
stant rate. 

CO was prepared from formic acid and H,SO,, 
and mixed in tanks with O, and N, at the proportions 
wanted. 

Growth was determined as per cent increase in 
length, on the same segments used for the O, uptake 
experiments, measured immediately before being put 
in the Warburg flasks and immediately after the last 
reading. The values obtained for the IAA treated 
segments have been corrected for the different growth 
rate during the period preceding the addition of the 
auxin, calculated on the basis of the average growth 
rate of the controls in water. The fact that the ob- 
tained values refer to growth during a period in which 
the segments were agitated is of importance. In 
fact it has been observed repeatedly in this laboratory 
that agitated segments differ from those kept still 
as far as growth by elongation, sensitivity to inhibitors 
and intensity of some metabolic responses are con- 
cerned (7). 


RESULTS 


A) Suppression sy CO or Errect or IAA on 
RESPIRATION: The results of the Ist series of ex- 
periments showed that it is possible to find a CO/O, 
ratio such that the basal level of respiration (that is, 
the O. uptake in the absence of added IAA) is only 
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slightly affected, while the effect of the auxin on 
respiration is completely suppressed. As graphs of 
figure 1 show, this condition is fully satisfied by a 
CO/O, ratio of 2.8/1, in a gas mixture containing 
O, at the same partial pressure as in normal air 
(0.21 atm.) and CO and N, at the respective pressures 
of 0.59 and 0.20 atmospheres. 

The inhibition of basal respiration under these 
conditions appears to be about 20 %, a value close to 
that found by Eichenberger and Thimann. As was 
also noted by them, the inhibition is fully reversed 
by illumination of the flasks. No effect at all of 
IAA on respiration is observed for the segments in- 
cubated in CO in the dark, while in the segments in 
air the IAA induced respiratory rise is about 30 % 
(compare Christiansen and Thimann (2)). The 
reversal of CO inhibition by light is followed by the 
quantitatively complete reappearance of the effect of 
IAA on O, uptake. A very interesting feature in 
this regard is the rapidity of this reappearance. In 
‘fact it is observed that in normal air the maximum 
value of the auxin effect on respiration is reached 
only 90 minutes after the addition of the hormone, 
while the transition from the minimal (in the dark) 
to the maximal (in the light) respiratory rate in the 
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OXYGEN UPTAKE RATE, in 41/20 segm/hour 


TIME (minutes) 
Fic. 1 (upper). Light reversible inhibition by CO 
(CO/O, ratio = 2.8) of basal and of auxin stimulated 
respiration. 
Fic. 2 (lower). Reversal by CO (CO/O, ratio 
2.7) of the effect of auxin on respiration. 


segments treated with IAA and CO is almost im. 
mediate (fig 2). 

In a 2nd series of experiments the flasks contain. 
ing the segments were flushed with a 2.7/1 CO/O, 
mixture 90 minutes after the addition of IAA, that js 
when stimulation of O, uptake by the auxin hai al- 
ready reached its maximum. Even in this case CO 
rapidly and completely suppressed the effect oi the 
hormone on respiration, and the level of O, uptake by 
the IAA treated segments became equal to that o% the 
controls (fig 2). Given the different original ‘evel 
of O, uptake in air the drop of respiration induced 
by CO appeared much heavier for the auxin treated 
(—35 %) than for the control segments (—20 %). 


B) Errect on BAsAL AND ON IAA INDUcED 
GRowTH OF CO CONCENTRATIONS COMPLETELY 
SupprESSING Errect oF [AA oN RESPIRATION: The 
data of table I show that for a CO/O, ratio of 4/1 
the effects of auxin on respiration as well as on growth 
disappear. However, for a CO/O, ratio of 2.8/1, 
still completely suppressing the O. response, a growth 
response to the hormone is perfectly evident. It is 
true that, under these conditions, growth is markedly 
inhibited by CO (in agreement with the findings of 
Hackett and Schneiderman (5)) but the inhibition 
is shown by the segments in plain water as well as 
by those in auxin; even on a per cent basis, by the 
former more heavily than the latter. Consequently, 

. Growth in TAA 
the ratio: ———____—_ 
Growth in water 
the segments inhibited by CO than for the controls 
in air; the value of growth stimulation by the hormone 
appears 120 % with CO, against 90 % with air. 

It also seems interesting to observe (table I) that 
in all of our experiments the absolute value of growth 
of the segments treated with IAA in the presence of 
a CO/O, ratio of 2.8/1 appears consistently greater 
than that of the segments in plain water and air. 
This is in striking antithesis to the behaviour of res- 
piration, which, as stated above, is about 25 % lower 
in the former than in the latter case. 


is somewhat higher for 


CONCLUSIONS 


The main theme of the present study was the in- 
terrelation between the O, uptake effect and the 
growth effect of IAA. In this regard the present 
findings do not favor a direct cause-effect relation- 
ship between the 2 phenomena, at least as far as their 
primary induction is concerned. It is shown here. 
in fact, not only that a marked growth effect can still 
be observed without any change in the rate of respira- 
tion, (as already observed by Commoner and Thimann 
on the Avena coleoptile (3)), but also that simul- 
taneous stimulation of growth and inhibition of res- 
piration can be experimentally induced by the com- 
bined treatment with IAA and CO. Thus, the acti- 
vation of overall oxidative metabolism cannot be 
taken as a necessary link in the main chain of re- 
actions through which auxin stimulates growth. On 
the other hand, as shown by earlier results (8, 9), 
the respiratory response cannot be taken as a con- 
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TABLE [| 


:s or CO on GrowTH RESPONSE AND ON O, UPrake Response To IAA IN PEA INTERNODE SEGMENTS. * 








OSITION OF 

; PHASE 
PRESS. IN 
ATMOSPHERES ) 


GrowTH, As % 


co/o, 


RATIO 


INCREASE IN 
LENGTH FROM INITIAL, IN 
4 HOURS 


O.,, UPTAKE IN yl/4 HouRsS 
2 pl 





Water IAA 10 ppm 


i: 
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0.21 
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ees 8 
2.8/1 46 
4/l 2.4 


0.56 
0.80 


0.78 
0.24 
0 


330 
201 
160 


+25+4.1 
—1+37 
278 


90+ 13.2 
+120+31.2 
+ 4+ 81 


260 
203 
157 





* Experimental conditions as described in the text. Data are means and standard deviations from the means rep- 
resenting 6 separate experiments, each one run with duplicate samples. 


sequence of the increased metabolic work connected 
with growth stimulation. 

Previous studies have established that a depression 
of respiration either by inhibitors or by lowering O, 
pressure is accompanied by inhibition of growth; and, 
conversely, that the stimulation of growth in most 
instances is accompanied by a respiratory rise. The 
fact that auxin stimulates oxidative metabolism ap- 
pears, therefore, positively important for the attain- 
ment of maximal growth. But this response seems 
to represent, according to the conclusions suggested 
by the present work, rather a coadjuvant condition 
than an essential factor in the process of growth 
activation by auxin. 

The present results also indicate that the energy 
required for growth can, at least in part, be supplied 
from reactions different from cytochrome mediated 
respiration. 

The complete suppression of the respiratory re- 
sponse to auxin by low CO concentration is also in- 
teresting in regard to the problem of the mechanism 
of the action of auxin on respiration. A first inter- 
pretation of this result could be that CO completely 
blocks some reaction by which auxin stimulates res- 
piration. However, the fact that even with CO, 
auxin still affects growth, indicates that the hormone 
still combines with its primary site of action. More- 
over, the abruptness of the suppression by CO of the 
respiratory response to auxin, when this response has 
already reached its maximum, is not easily explained 
by this hypothesis. 

An alternative interpretation is that the type of 
respiration of the auxin treated segments would be 
much more sensitive to CO than that of the controls. 
This is what could be expected, if cytochrome oxidase 
was more strictly limiting respiration in the treated 
segments, as a consequence of an auxin induced in- 
crease of the flow of electrons from respiratory sub- 
strates toward this oxidase (Hartree (6)). A possi- 
ble objection is that of the exceedingly high value of 
O, uptake inhibition by a CO/O, ratio of 2.8/1 (35 % 
in the auxin treated segments), suggesting that part 
of the inhibition might be due to secondary effects 
of CO. However, abnormally high inhibition could 


depend on the fact that especially at low CO con- 
centrations, the CO/O, ratio is probably higher into 
the oxygen consuming tissue than into the medium. 

A more detailed study of the action of CO on auxin 
stimulated respiration will be the object of a further 
report. 


SUMMARY 


In isolated pea internode segments the effect of 
indoleacetic acid on oxygen uptake is completely 
suppressed, or reversed, by a carbon monoxide/oxygen 
ratio of 2.8/1, which inhibits only 20 to 25 % of the 
basal respiration. The reversal by light of the CO 
induced inhibition is followed by the abrupt reappear-, 
ance of the auxin effect on respiration, which almost 
immediately reaches its maximum level. 

A marked stimulation of growth is observed even 
in the presence of a 2.8/1 CO/O, ratio, which com- 
pletely inhibits the effect on respiration. The ratio 


Growth with indoleacetic acid . . : 
ph bade A 5 cota os - is even slightly higher 


Growth in water 
with CO than in normal air. The absolute growth 
values of the segments treated with indoleacetic acid 
and CO at 2.8/1 ratio (in the dark) are consistently 
higher than those of the controls in distilled water 
and air, though the O, uptake in the former is about 
25 % lower than in the latter. 

These results, integrated with those of previous 
researches, are interpreted as showing that the activa- 
tion of overall oxidative metabolism is not a necessary 
prerequisite for the effect of auxin on growth. . 
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In an investigation of the effects of manganese 
deficiency in Chlorella (11, 12) it was observed that 


the amino acid composition of cells fed ammonium 
chloride differs from that of cells given potassium 


nitrate. To study this further, the changes in non- 
protein amino acids were measured after the addition 
of ammonium chloride or potassium nitrate to nitrogen 
deficient cultures grown either autotrophically or 
mixotrophically. The results are of interest with 
respect to the conversion of inorganic nitrogen to 
organic forms. 


MATERIALS AND METHODS 


Stock CULTURES AND INocULATION: Cells of 
Chlorella vulgaris var. viridis (Chodat) were trans- 
ferred by sterile loop from a dextrose agar slant to a 
one liter Roux flask containing 200 ml of the follow- 
ing solution: 

KNO, 
MgSO, 


— 0.025 M 
— 0.020 M 
KH,PO, — 0.018 M 
Glucose —1%&% Zn — 0.07 ppm 
FeNa EDTA —1X 107° M pH — 5.6 
These cultures were shaken until growth leveled 
off. The culture vessels were inoculated asceptically 
from the Roux flask to give an initial population of 
about 0.0018 #1 cells/ml of suspension. 


Mo — 0.02 ppm 
Mn — 0.44 ppm 
Cu — 0.003 ppm 


1 Received March 23, 1959, : 
2 Present address: Biology Department, Allegheny 
College, Meadville, Pa. 


EXPERIMENTAL CULTURE MEDIA AND APPARATUS: 
Chlorella was grown autotrophically in culture units 
described previously (11) in 2.5 liter batches of a 
nutrient solution having the following composition: 

NH,NO, — 0.0025 M Mo — 0.02 ppm 
MgSO, — 0.0050 M Mn — 0.44 ppm 
KH,PO, — 0.0535 M Cu — 0.003 ppm 
K,HPO, — 0.0134 M Zn — 0.07 ppm 
pH — 6.15 FeNa — 0.04 x 107° M 
EDTA 
In mixotrophic cultures, 1% glucose was included in 
the medium. 

The nitrogen content of the medium limited growth 
to about 10 ml of cells per liter. The magnesium level 
was determined as one which was sufficiently high to 
prevent magnesium limitation without causing precipi- 
tation of magnesium phosphate. The phosphate con- 
centrations were those employed by Syrett (14) and 
were found to stabilize the pH well during the growth 
of the cultures. 

In both the autotrophic and the mixotrophic growth 
experiments the cultures were illuminated by a bank 
of fluorescent lamps having an intensity of 400 ft-c at 
the vessels. During the autotrophic growth experi- 
ments a mixture of 5 % CO, in air was bubbled 
through the suspensions at 200 ml min. During the 
mixotrophic experiments air was bubbled through the 
suspensions at the same rate. The temperature was 
maintained at 21 to 22° C. 


EXPERIMENTAL DesiGN: Chlorella was grown 
autotrophically in six culture vessels and mixotroph- 
ically in six culture vessels until growth was limited 
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by lw. of nitrogen. When nitrogen starvation had 
occur: 320 ml of suspension was harvested from 
each <ulture as described below. In each set, 17 ml 
of 3 \| potassium nitrate was immediately added to 
three vessels and 13 ml of 4 M ammonium chloride 
was immediately added to three vessels. 320 ml 
batches of suspension were harvested 15, 30, 60, 120, 
1,440 minutes after the addition of the extra nitrogen. 
During the growth prior to the onset of nitrogen 
starvation and 24 hours after the addition of extra 
nitrogen, growth measurements were made, chloro- 
phy!i contents were determined and pH was tested. 


HarvestING MetHops: The suspension samples 
were measured in a graduated cylinder, transferred 
to a chilled flask and were cooled to about 3° C with- 
in 1 minute in a dry ice-Methyl cellosolve (ethylene 
glycol monomethyl ether) bath. The cold suspen- 
sions were then quickly transferred to cooled 50 ml 
centrifuge tubes in 40 ml aliquots and spun down at 
a maximum acceleration of 11,000 G in a refrigerated 
centrifuge maintained at 0° C. The centrifuge was 
brought up to maximum speed and shut off immedi- 
ately for a total interval of 5 minutes. The superna- 
tants were then decanted and the cells thoroughly 
mixed with 10 ml of hot 95 % ethanol. About eight 
minutes were required to separate the cells from the 
culture media and seven minutes of this time the cells 
were maintained at 2 to 3° C. 


ANALYTICAL PROCEDURES AND GROWTH MEASURE- 
MENTS: The cells were extracted three times at room 
temperature with 100 ml portions of 80 % ethanol, 
and one final time with boiling 80 % alcohol. The 
extracts were brought to volume and aliquots dried in 
vacuo at 30° C. The dried solutes were dissolved 
in deionized H,O with chloroform added to extract 
out the lipids. The amino acids in the aqueous solu- 
tion were purivied with ion-exchange resins (17) and 
analyzed by paper chromatography (16). 

Growth was measured on the basis of packed cell 
volume, by the method of Myers (9), with a van 


urements of cell population density were made with a 
haemocytometer. The cells were analyzed for 
chlorophyll by the method of Eny (4). The non- 
protein amino nitrogen was determined on the 80 % 
alcohol extract by the method of Moore & Stein (8) 
after an appropriate aliquot plus 0.25 ml of the KOH- 
borate buffer of Connell et al (2) was dried in vacuo 
over concentrated sulfuric acid at room temperature. 
The water-soluble, non-protein nitrogen was deter- 
mined by the same method on the aqueous solution 
prepared from the dried 80 % alcohol extract. 
Citrulline was determined along with the neutral and 
acidic amino acids (16) by comparison with pure 
citrulline treated in the same way. Ornithine was 
determined on the basic amino acid fraction (17) by 
the method of Chinard (1) after correction for the 
color produced by lysine based on the lysine content 
determined by the reading at 420 me and by paper 
chromatography. 


RESULTS 


The amino acids which were observed and meas- 
ured in the non-protein fraction were aspartic acid, 
glutamic acid, serine, glycine, asparagine, threonine, 
alanine, glutamine, histidine, lysine, arginine, meth- 
ionine, valine, leucine, isoleucine, proline, phenyl- 
alanine, tyrosine, gamma amino butyric acid, pipecolic 
acid, citrulline and ornithine. The identity of citrul- 
line was confirmed by its reaction with p-dimethyl- 
amino-benzaldehyde to give a yellow color. In addi- 
tion there were in various samples, eight unidentified 
amino compounds. One of the latter which was con- 
sistently present in relatively large quantities was 
probably glutathione as indicated by its cochromatog- 
raphy with pure glutathione, its bleaching of the iodo- 
platinate reagent (18) and instability to acid hydroly- 
sis. Two unidentified compounds appeared 15 min- 
utes after the addition of ammonia and increased up 
to two hours. One of these was not a basic amino 
acid and may be argininosuccinic acid from cochro- 


Allen Thrombocytocrit tube. 


meas- 


TABLE I. 


NON-PROTEIN AMINO NITROGEN AND CHLOROPHYLL CONTENT OF. CELLS 


matography with known argininosuccinic acid in am- 





CARBON 
NUTRITION 


NITROGEN 
SOURCE 


TIME AFTER ADDITION OF NITROGEN SOURCE IN MIN 





15 30 60 120 





Autotrophic 


Mixotrophic 


Autotrophic 


Mixotrophic 


KNO, 


Milligrams of non-protein amino nitrogen 
per ml of cells 
0.22 0.26 0.29 0.39 
0.43 0.46 0.62 0.76 
0.20 0.21 0.25 0.33 
0.36 0.53 0.53 0.51 
Milligrams of chlorophyll per ml of cells 
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moniacal phenol (3). The second substance was 
basic as indicated by its retention on Dowex 50 in 
the ammonium form (17): 

The data in tables I to IIT present the average of 
very similar values obtained from three separate cul- 
tures. An appreciable fraction (30 to 50 %) of the 
non-protein nitrogen was not in the water-soluble 
portion. However, the known amino acids are com- 
pletely recovered in the procedures used and account 
for 80 to 90 % of the water soluble non-protein nitro- 
gen. The data in table I clearly show a more rapid 
increase in non-protein nitrogen after the addition 
of ammonium chloride than after the addition of po- 
tassium nitrate. There is no apparent difference in 
the rate of response to added nitrogen between mixo- 
trophic and autotrophic cultures. The difference in 
zero time values for the two sets of autotrophic cul- 
tures is due to differences in age of the cultures at 
the time the nitrogen source was added. After 24 

, hours both the non-protein nitrogen (5) and chloro- 
phyll (4) content indicated that the cells were not yet 
nitrogen sufficient. 

The amino acid content of nitrogen deficient 
Chlorella before and after the addition of potassium 
nitrate or ammonium chloride is presented in tables 
II and III. The amino acid contents are based on the 
same suspension volume throughout a given treatment 
and since the autotrophic cultures did not grow dur- 
ing the experimental period and the mixotrophic cul- 
tures increased only about 30 % in 24 hours the 


amino acid levels are all based essentially on the same 


volume of cells. Only those amino acids which 
showed significant changes in 120 minutes are in- 
cluded in tables IT and TIT since all amino acids were 


higher at 24 hours. Any changes of less thai QJ 
#M are not real. The totals of glutamic acid plus 
glutamine and aspartic acid plus asparagine ar« in- 
cluded because these more accurately represent the 
changes in amino groups of these acids. 

The changes in amino acid concentrations up to 
120 minutes after the addition of ammonium chloride 
were similar under autotrophic and mixotrophic con- 
ditions. There is a marked increase in glutaniine, 
glutamic acid plus glutamine and alanine in 15 miriutes 
which continued for 120 minutes. Glutamic acid first 
showed an increase at 60 minutes. There was a 
smaller but definite increase in asparagine, aspartic 
acid plus asparagine, serine and arginine between 15 
and 120 minutes. Citrulline appeared within 15 
minutes of the addition of ammonium chloride but did 
not increase appreciably. Ornithine was low and 
showed little change with time. Proline showed a 
significant increase only after one hour. 

The changes in amino acid levels after the addi- 
tion of potassium nitrate occur more rapidly under 
mixotrophic conditions than under autotrophic con- 
ditions, but the responses are similar. Increases in 
glutamic acid are apparent in 15 minutes while in- 
creases in glutamine and alanine were evident in 30 
minutes. Similar increases in the autotrophically 
grown cells were evident only in 60 minutes. After 
120 minutes, aspartic acid, asparagine and proline all 
showed increases with aspartic acid increasing more 
under autotrophic conditions. 

The amino acid changes after the addition of ni- 
trate nitrogen were not only slower than the response 
to ammonium nitrogen but were als» somewhat dif- 
ferent. In contrast to the cultures given ammonium 


TABLE II. 


Errect oF NH,Ci on Content or Non-Prorern Amino Acids In N DEFICIENT CHLORELLA 
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TABLE III. 
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* Unit volume of suspension is that which contained 1 ml of packed cells at the time of addition of KNO,. 


nitrogen the treatments with nitrate nitrogen showed 
less increase in the amide nitrogen of glutamine in 
comparison to the increase in amino nitrogen in glu- 
tamic acid plus glutamine. 

After 24 hours, mixotrophic cultures had higher 
glutamine, alanine and proline than comrarable auto- 
trophic cultures irrespective of the nitrogen source. 


DISCUSSION 


The data presented in the previous section can 
provide no proof of the pathways involved in the utili- 
zation of nitrate and ammonia by Chlorella because 
reaction rates are not known. Due to the relatively 
short time periods involved, however, these data may 
give some clues to these pathways. 

The striking increase in glutamic acid and gluta- 
mine after addition of ammonia, is consistent with 
the concept (7) of amination of a-keto glutarate and 
of glutamate. Yemm and coworkers (20) observed 
a very high concentration of N?* in glutamic acid and 
glutamine after feeding N?®5 ammonium chloride 
to roots and yeast. They concluded that 90 % of 
the nitrogen assimilated goes thru glutamate. Hat- 
tori has reported (6) only a small‘increase in gluta- 
mine after administration of ammonium chloride to 
nitrogen deficient Chlorella ellipsoidea, but Rautanen 
observed a large increase in glutamine in ammonia 
fed peas (10). 

The explanation for the striking increase (four- 
to five-fold in 15 minutes) of alanine in response to 
ammonium feeding is not known. It was observed by 
Roine in yeast (13) but not by Rautanen (10) or by 
Hattori in Chlorella ellipsoidea (6). 

Although ammonia feeding resulted in an increase 
in arginine, this increase is much less than for glu- 
tamic acid, glutamine and alanine. In similar ex- 
periments Syrett and Fowden (15) found an increase 


in basic amino acids and Hattori (6) observed a 
striking increase in arginine. 

Because of the ammonium chloride-induced in- 
crease in ornithine reported by Hattori, a careful de- 
termination of ornithine was made and, in contrast 
to Hattori’s findings, no ornithine response was ob- 
served. In addition, the ornithine content was very 
low (0.01 #M per ml of cells). : 

The rate of increase of glutamine and asparagine 
after the addition of potassium nitrate was much less 
in Chlorella than in yeast (19). 


SUMMARY 


Nitrate nitrogen or ammonium nitrogen was sup- 
plied to nitrogen deficient Chlorella. The non-protein 
amino acids were determined at 0, 15, 30, 60, 120 and 
1,440 minutes after the addition of nitrogen. 

The addition of ammonium nitrogen resulted in 
marked increases in glutamine and alanine with 
smaller increases in asparagine, glutamic acid, citrul- 
line, arginine, proline and serine. 

Although there was a difference in behavior of 
added ammonium nitrogen and nitrate nitrogen on 
the amino acid changes, it was not possible to as- 
certain whether this was due to differences in meta- 
bolic pathways or differences in rate of utilization of 
nitrogen. 
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TRANSLOCATION III. 


EXPERIMENTS WITH CARBON 14, 


CHLORINE 36, AND HYDROGEN 3’? 
R. S. GAGE* anno S. ARONOFF 


DEPARTMENT OF BIOCHEMISTRY AND BIOPHYSICS AND THE INSTITUTE FOR ATOMIC RESEARCH 4, 
Iowa STATE UNIVERSITY, AMES, Iowa 


In spite of continued interest in photosynthate 
translocation over the years, the mechanism remains 
unknown and no better working hypotheses have been 
devised than the classical models of pressure flow 
(6, 15), protoplasmic streaming (7), activated dif- 
fusion (14), or interfacial flow (26). 

The advent of tracer isotopes reopened many in- 
quiries that had common meaning in terms of these 
theories regarding: a) the photosynthetic compounds 
translocated (16, 22, 26); b) the rates of movement 
(16, 17, 26); c) the role of respiration (10, 11, 16, 
26); d) the influence of plant parts (1, 15, 19); e) 
the simultaneous movement of metabolites (2, 5, 23) ; 
f) the role of water (2); g) the precise transloca- 
tion cross section (3, 4, 24). Unfortunately, the in- 
terpretation of such data is always difficult because 
of rapid (and probably differential) removal of tracers 
from the conducting channels and because of different 
absorption cross sections, in simultaneous application 
of tracers to leaves. It seemed desirable, therefore, 
to re-examine some of these aspects in short-period 
experiments using feeding techniques that ensured 


rapid penetration to phloem tissue. 
In an earlier paper from this laboratory (26), it 
was established that sucrose is the primary component 


of photosynthate moving out of soybean leaves. The 
linear velocity of translocation was estimated to be 
about 100 cm/hour and was not light dependent. 
Temperature dependence of translocation in the stem 
could be interpreted as aqueous viscosity effects. In 
a further communication (1) it was shown that sugar 
gradients were not a basis for rapid movement of 
sucrose within the leaf. No movement occurred from 
a leaf with a steamed petiole or from one with a 
petiole excised prior to root initiation. Some upward 
flow to a younger trifoliate occurred when the stem 
was steamed below the entrance petiole. In view of 
these observations, it was suggested that the forces 
responsible for movement resided’ within terminal 
meristematic tissue. 

The present paper represents a continuation of 
these studies employing HCl** and THO for simul- 
taneous gaseous administration to leaves with C'4O.. 


1 Manuscript received for publication April 8, 1959. 

2 The authors acknowledge the generous support of 
the National Science Foundation, Grant No. G-2660. 

3 Present address: Department of Physics, Ontario 
Agricultural College, Guelph, Canada. 

4 Institute for Atomic Research Paper No. 853. 
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In some experiments, fructose-C'* was fed to cut 
petioles in aqueous combination with HCl** or THO. 
Tritiated water was used for two purposes: a) an 
attempt to measure the simultaneity of movement of 
water and photosynthate, this study having begun 
before the pioneering work of Biddulph and Cory 
(2) was available; b) preliminary work in radioauto- 
graphic location of photosynthetically-incorporated 
tritium in petioles and stems. 


I, INFLUENCE OF GROWING Pont, LEAF, STEM, 
AND Root. This section describes experiments de- 
signed to examine the influence of various plant or- 
gans on the movement of photosynthate. Two dif- 
ferent feeding techniques were employed: gaseous ad- 
ministration of isotope through a leaf or solution 
feeding of isotope through a severed petiole. The 
distribution of C'4-labelled photosynthate was meas- 
ured following excision of various plant parts or 
steam treatment of the stem. 

Experimental. 1. Plant material. Soybeans 
(Glycine max. var. Hawkeye) were grown in the 
greenhouse. During the winter months natural il- 
lumination was supplemented with about 1,000 ft-c 
using Daylight fluorescent lamps; the photoperiod 
was adjusted to 14 hours to avoid flowering. Except 
for the root experiments, all plants were grown in 
soil. The former were supported in Vermiculite over 
jars containing Hoagland’s solution; the latter was 
changed daily. Plants were moved to the laboratory 
when the first trifoliate was fully grown (about 3 
weeks after planting). In the double-feeding experi- 
ments, two plants, of similar appearance in the same 
pot, were selected. All plants were placed in the 
laboratory two or three hours prior to experiment 
and any pretreatment was done at least one hour in 
advance. Excision of leaf or stem was performed 
with a razor. Root tips were removed with surgical 
scissors just past the region of cell elongation (as 
judged by root hairs) while the root was immersed 
in culture solution. 

2. C40, administration. C'*O, was adminis- 
tered to leaves in either of two ways. For the simul- 
taneous exposure of two leaves to equal amounts of 
radioactivity, the glass chamber described by Aronoff 
(1) was modified to a Y. It also contained a steel 
needle, sealed in glass, to facilitate uniform mixing 
with an external magnet. For the feeding of entire 
trifoliates, the method of Vernon and Aronoff (26) 
was employed. 

In the petiole feeding experiments, plants were 
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supp:ited horizontally, with petioles pointing down- 
warc. The leaf was removed at the petiole junction 
under water and a small L-shaped glass feeding tube 
was slipped over the cut end. All water, except for 
a sriali drop at the petiole end, was removed and the 
petiole was sealed to the tube with modelling clay. 
The radioactive solution was added through the open 
arm, mixed, and the open arm sealed with a stopper. 

Zero time, with both feeding techniques, was taken 
as the time when the radioactive material was re- 
leased to the tissue. 

At the conclusion of the experiments, the leaves 
were removed, the stems were divided quickly into 2 
cm lengths, and all sections were frozen in liquid 
nitrogen. Subsequent procedures for extraction of 
the tissues, for counting of radioactivity and for 
gross radioautography, were virtually identical to 
those described in earlier papers (1, 26). 

Experiment 1. Removal of root tips or growing 
point. Exploratory tests showed that soybeans trans- 
located radioautographically-detectable amounts of 
C'4-photosynthate when one pc C'*O, was adminis- 
tered to a 1 cm* area of a leaf. Subsequently, three, 
30-minute experiments were performed to determine 
the effect of excision of meristematic tissue. One 
plant, with growing point (stem tip) removed, was 
fed simultaneously with one which had root tips re- 
moved, Both were radioautographed on the same 
sheet of film. Two untreated controls were similarly 
fed and radioautographed. In the first trial there was 
considerably more activity in plant roots whose grow- 
ing point had been removed, and visa versa. Two 
subsequent trials, however, failed to verify this find- 
ing. 

Experiment 2. Effect of steaming the stem. 
Aronoff’s qualitative experiments (1) showed that 
photosynthate did not move past steamed sections in 
petioles or in upper stem regions. It was decided to 
investigate this stem effect in greater detail. 

Two similar plants, grown in the same pot, were 
administered a total of about 200 ye of C40, by us- 
ing two leaf chambers in series with the reaction ves- 
sel, the steamed plant being first in line. A 2 cm 
section, just below the cotyledonary node of the first 
plant, was steamed until it took on a watery, cooked 
appearance. 

In three trials, no activity was found below the 
steamed section and total stem activity was greatly 
reduced compared with controls. Typical results of 
a 20 minute experiment are shown in table I and 
figure 1. Note that the stem activity in the treated 


TABLE I 


C14 DistriBuTION FoLLow1nGc 20 MINUTE 
PHOTOSYNTHESIS OF C14O,* 





__ Activities (c/M) 
STEAMED 





SECTION 





INTACT 
Leaf 76,300,000 


Growing point 1,360, 
37,000 
1,800,000 
510 


Petiole 

Stem 

Primary leaves 
Cotyledons 23 





*One plant stem was steamed just below the cotyledon 


plant was considerably less than that in the control 
even though its leaf received the greater share of 
C'4O,. On the assumption that the radioactivity in 
the leaf is a measure of the radioactive photosynthate 
available for transport, the relative amounts found in 
the stems were 2.4 and 5.2 % for the treated and con- 
trol, respectively; into the growing points, 1.8 and 
1.2%. Although there was a small increase in activi- 
ty after section 7 of the treated plant, there was no 
major accumulation at the steamed section (compared 
to the gross accumulation at the girdle of a tree). It 
is clear that killing a lower portion of the stem affects 
movement from the source into sections above it. 

‘ Experiment 3. Petiole feeding of fructose-U-C"4. 
Sisler et al (21) found that sucrose was readily trans- 
located in tomatoes when supplied, in solution, to cut 
petioles and it seemed pertinent to compare the dis- 
tributions resulting from this manner of application 
with those of C!*O,-fed plants. Fructose-U-C'4, 
specific activity 2.3 x 10° c/m/mg, was fed as a 
0.5 % solution to an excised petiole, for 15 minutes. 
The resulting distribution in the stem is shown in 
figure 2, where the similarity to the sucrose curve re- 
sulting for C'*O, feeding (see fig 5) is apparent. 
(The causes of the humps in the curves are not 
known; more than one explanation can be offered at 
present. ) 

Experiment 4. Effect of excision below the coty- 
ledon. Four double-plant experiments were perform- 
ed in which leaves and petioles were administered 
tracer in standard amounts for 30 minutes. One 
plant of each pair was severed just below the coty- 
ledonary node; the upper portion was retained with 
the cut stem in tap water. Stems were cut at least 
one hour before the experiment; the treated plants ap- 





Fic. 1. (upper left). 
plant stem was steamed just below the cotyledon. 
Fic. 2 (lower left). 

9.3 x 108 ¢/m/ml. 
Fic. 3 (upper right). 


Radioactive profiles along the stem following 20 min photosynthesis of C'4O,. One 
Radioactive profile along the stem following 15 min petiole feeding of fructose-U-C'4, 


(-) Radioactive profile along the stem following 25 min foliar uptake of HC13¢ in the 


light; (---), radioactive profile along the stem following 15 min foliar uptake of HCI°® in the dark. 


Fic. 4. (lower right). 
tion of fructose-U-C!4 and HC138. 


Radioactive profiles along the stem following 15 min, simultaneous, petiole administra- 
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peared turgid and normal. The tracers and corres- 
ponding methods of administration were: a) C'*O,, 
leaf; b) HC18* vapor, leaf; c) fructose-U-C", petiole ; 
d) HCI°* petiole. 

The results were specific. While the control 
plants translocated tracer in expected amounts, the 
cut plants were inert in each case. Small amounts 
of activity (from 1 to 10 % of that in controls) were 
recovered in petioles and first adjacent stem sections. 
A minute amount was observed in the growing point 
of the plant which was fed HCl** vapor, but the other 
three growing points showed no significant activity 
above background. 

The distribution, amount, and rate of movement 
appears to be qualitatively similar whether photo- 
synthate is supplied by the leaf or through cut petioles. 
Nelson and Gorham (18) have since found what ap- 
pears to be different modes of transport for sucrose 
and fructose when they are fed through primary leaf 

tioles of soybeans, the implication being that fruc- 
tose moves outside the phloem. There may be some 
question, therefore, as to whether or not the fructose 
measurements are comparable to those of translocate 
derived directly from photosynthesis. Later experi- 


ments, however, support the contention that similar 
mechanisms were at work and a quantitative compari- 
son is made between the two feeding techniques. (see 
General Discussion). 

The maxima and minima displayed in figures 1 
and 2 occur commonly in experiments of this type. 
They are believed to be real even though the experi- 


mental errors are unavoidably large with the tech- 
niques used. The measurement error was estimated 
to be about + 8 % from consideration of uncertain- 
ties in length of section, extraction, and counting, and 
are indicated by the vertical arrows. 

The initial cutting experiments suggest that meri- 
stematic tissue in roots and growing points has no 
consistent influence on photosynthate translocation 
during these short periods. From the steaming, stem- 
excision and petiole-feeding experiments, it now seems 
certain that there is no osmotic pushing force from 
the leaf. The experiments, as a whole, suggest that 
some locus below the cotyledon has a directing influ- 
ence on downward (and perhaps upward) transloca- 
tion. The retardation observed by Nelson et al (17), 
after chilling the roots, may also be interpreted in 
this way. 


II. Movement or Cl®*, Because of the correla- 
tion between the movements of sucrose and growth 
substances, the question arose as to whether or not 
there was a common vehicle (e.g., water or a meta- 
bolic carrier) for the movement of photosynthate and 
other materials. Consequently, a search was made 
for a radioactive non-metabolite which could enter 
the leaves as a gas with C'4O... Chlorine, in the form 
of HCI18*, was chosen because it is known that chloride 
ion has, at best, a role which is submicro,. quantitative- 
ly, and dubious qualitatively, in plant metabolism. 
This particular isotope is easy to measure and is 
readily distinguished from C'*. It was felt that the 


acidity introduced, using only tracer quantities, w ould 
be controlled by the buffering capacity of the sip. 

Experimental.1. (Cl3* Administration. The <2ed- 
ing apparatus was identical to that used for C’ ‘O,, 
Thirty to sixty #1 (1-2 uc) of the 1.64N acid was 
added to the reaction vessel; the HC1®* was rele..sed 
by adding anhydrous sulfuric acid. In the dark 
feeding experiment, the plant and feeding appar::tus 
were contained within a light-tight fume hood, 
Plants were kept in the darkened hood for at least one 
hour prior to the experiment. Petioles were fed 
HCl?* solutions (1-2 uc/ml, as about 0.5 N acid}. 

2. C4 and Cl** double assay. The highly ener- 
getic beta rays of Cl®* permitted a rough measure of 
the time-course of translocation using an ordinary end- 
window Geiger tube. Where both isotopes were pres- 
ent, it was possible, because of the difference in beta 
energies (0.66 max. Mev for Cl®* and 0.15 for C'*) 
to make differential counts of the plant extracts using 
a 0.07 mm aluminum filter. Placed 3 mm above the 
sample, this thickness of Al was found to transmit 
73 % of the Cl%* beta’s and 0.5% of the C'* beta’s. 
When the more sensitive windowless flow counter 
was used for low activity studies, the filter was held 
10 mm above the sample. With this geometry, 0.04 % 
of the C'* and 47 % of the Cl®* beta’s were transmit- 
ted. These relationships were very nearly linear 
over the range of activities employed. 

3. Chromatographic identification of chloride 
ion. It was of interest to ascertain whether the Cl 
was travelling as the free ion, or as an addition or 
substitution derivative of an organic compound. For 
this purpose the 80 % aqueous ethanol plant extract 
was partitioned with petroleum ether to remove plastid 
pigments. The ether fraction was found to have 
negligible activity and was discarded. The aqueous 
alcohol phase was concentrated and paper chromato- 
graphed in Yamaguchi’s solvents (27) : ethyl acetate, 
ethanol, 1 N ammonium hydroxide (1:1:1) in one 
direction and acetone, water (3:1) in the other direc- 
tion. The radioactive chloride could be detected in 
the usual manner; non-radioactive chloride was made 
visual by spraying lightly with dilute silver nitrate. 
The chloride spots darkened quickly when exposed 
to ultraviolet radiation. 

All the Cl®* activity in the stem was coincident 
with the chloride ion spot. Consequently. it is be- 
lieved that the Cl** travelled primarily. if not entirely, 
as the free ion. 

Experiment 5. HCI, leaf, light, and dark. It 
was found that soybean leaves could tolerate about 
1 % by volume of the acid vapor without visible signs 
of injury, in the light. Movement of Cl%* from il- 
luminated leaves would not take place, however, un- 
less plants were kept previously in dim light for 12 
to 24 hours. On the other hand, movement from un- 
starved leaves occurred readily in the dark and their 
tolerance for HCl vapor was about three times greater. 

An anomalous, ultra-rapid movement of Cl®* was 
observed with the monitor. Significant, but minor, 
activity would appear in primary leaves within 1 
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TABLE II 


‘\/STRIBUTION FoLLowING FoLtar UPTAKE oF HC136* 








ActTIvITIES (C/M) 
LicHT DarkK 


178,000 
2,780 





SECTION 











j eal 

Growing point 
Primary leaves 1,740 
Stem 


736 
2,950 18,300 


* One plant was fed 1 uc in the light (25 min); the 
other, 2 uc in the dark (15 min) 


67,800 
697 





minute after releasing the tracer to the leaf. It is 
believed that this was not the result of leaks in the 
system because it was still observed when the system 
was maintained at less than atmospheric pressure 
and the fume hood air flow was directed upward over 
the plant. The results of typical light and dark feed- 
ing experiments are given in table II and figure 3. 

Experiment 6. HCl8* + C'O,, leaf. For simul- 
taneous feeding, the C!*O, and HCI** were generated 
independently and mixed prior to administration. In 
three experiments, plants which had been kept in 
subdued light for 48 hours were given the following 
amounts of the two tracers for 15 minutes: a) 2 Hc 
HC1*, 2 uc C140,; b) 2 ue HCI8*, 125 pe C40, ; c) 
1 uc HCI, 150 we C4O.,. In each case, although 
expected amounts of Cl°* were found in the various 
stem sections, the quantities of C'* were too small to 
warrant detailed counting, as is shown in table III. 

Experiment 7. HCl18* + fructose-U-C"'*, petiole. 
Preliminary experiments with petiole feeding of 
HCl** showed that 15 minutes was adequate time 
for tracer to reach the hypocotyl. In this experiment, 
a cut petiole was fed a solution of HCI%*, and fruc- 
tose-U-C!4, The data are given in table IV and 
figure 4. A 3.2 cm length of petiole adjacent to the 
stem was also analysed. In figure 4, its activity has 
been normalized to make it comparable to the 2 cm 
stem sections. 


DISCUSSION 


It is clear that chloride ion moved readily from 
the leaf but independent of photosynthate, under condi- 
tions of low light intensity or in the dark. This is in 
marked contrast to the known requirement of sucrose, 


TABLE III 


C'4 anp C136 Distrrnutions FoLttow1ncG 15 MINUTE, 
SIMULTANEOUS, FoLIAR APPLICATION OF 
C40, (125 uc) anp HCI13* (2 uc) 








Activities. (c/M) 
C14 C36 


Leaf 328,000 239,000 
Growing point 174 1,100 
Primary leaves 0 1,916 
Stem 
Section 1 20 
Section 2 0 





SECTION 











1,870 
2,200 





either added or photosynthetic, for auxin movement. 
Chloride movement was also distinguished from that 
of photosynthate by finding relatively greater activity 
in the primary leaves. This agrees qualitatively with 
the observations of Swanson and Whitney (23) who 
noted different rates of movement into kidney bean 
leaves (P > Cs>K). 

The rapid appearance of the minor amount initial- 
ly moved into primary leaves indicated a velocity of 
at least 7 m/hour. This same order of magnitude was 
found by Nelson et al (19) for a small component of 
C'* activity following C'O., leaf administration. It 
seems highly probable that there may be a small, rapid 
component of translocation which is overridden by 
the main phase. 

Unfortunately, the inhibition of photosynthesis by 
HCI vitiates much of its value in this type of experi- 
ment. The inhibition is evident in the data of table 
IIT. The amount of C'* incorporated in the leaf, 
relative to the amount applied, was about a thousand 
times less than that for the singly-applied C'*O, in 
experiment 2. The increase in HCI tolerance in the 
dark suggests that the inhibition may lie within the 


TABLE IV 


C14 anp Cl8@ DistripuTions Fottow1nc 15 MINUTE, 
SIMULTANEOUS, PETIOLAR ADMINISTRATION 
oF FrucrosE-U-C14 (5.75 x 10° c/mM/ML) 
AND HCI®® (2.28 x 10° c/mM/ML) 








ACTIVITIES 

C14 
4,520 
9,850 
33,540 


(c/M) 
Cisé 
1,040 


3,700 
10,710 


SECTION 











Growing point 
Petiole 
Stem 





photochemical phase. This, of itself, does not explain 
the lack of chloride movement from the unstarved 
leaves, at normal light intensities unless, under these 
conditions, the ion is incorporated into some system 
in an irreversible manner. 

The movements of chloride and fructose were, 
however, unrestricted in experiment 7, the relative 
amounts transported being virtually identical with 
those in other petiole experiments (see table IX under 
Discussion). It is felt, therefore, that there was 
ample justification for comparing the distributions of 
the two tracers in this experiment. The noncoinci- 
dence of the maxima in figure 4 suggests that dif- 
ferent transport mechanisms were at work, although 
it may correspond merely to the differences corres- 
ponding to counter-current distribution of diverse 
compounds. On the other hand, the similarity in 
the semi-log slopes has intriguing theoretical in- 
ference. 

Horwitz’s recent elegant analysis (8), for the 
comparable situation, has shown that the slope of such 
a plot is determined by the three parameters: k, the 
diffusion constant or first order rate constant for ir- 
reversible removal of activity from the flowing 
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stream: A,, the cross section of flow and v, the linear 
velocity of fluid flow. Consequently, similarity in 
semi-log slopes cannot be construed to mean similar 
modes of transport without fixing at least two of 
these parameters. 

One might conclude, from the analysis in table IX, 
that the volume rate of flow, in experiment 7, was the 
same for chloride as for fructose. To assume similar 
v’s, however, one must say that A, was identical for 
each and of this there is, of course, no knowledge at 
present. Even with the a priori assumption that the 
v’s and A,’s were common, one must account for 
similar k’s. Horwitz (8) used the published k value 
for sucrose (2 mm?/hr) for his model and obtained 
curves that agreed with the empirical data of Biddulph 
and Cory (2) for P%*, the inference being that remov- 
ing P** from the translocation stream was conditioned 
by the same rate constant as sucrose. It seems possi- 
ble, then, that there is a common vehicle (e.g., an 
ionic protein carrier) for transporting materials 
across the pipe membrane; but such an hypothesis 
(however attractive) constitutes an additional as- 
sumption in the present argument. Consequently, it 
would be unsafe to advocate the same transport mech- 
anism for chloride and fructose, solely on the basis of 
the similar semi-log slopes found in experiment 7. 


III. Movement or THO. When this study was 
begun there were no reported measurements of simul- 
taneous movement of water and photosynthate using 
isotopic water. This is, of course, a crucial aspect of 
the mass flow theory. The use of THO in photo- 
synthetic experiments will result in tritium-labelled 
photosynthate and one can, in this manner, measure 
the movement of water and photosynthate simultan- 
eously, without employing isotopic carbon. 

Experimental. 1. THO administration. Soy- 
bean plants used were similar in age and development 
to those used in the other experiments, and were 
watere1 10 to 15 minutes prior to feeding in an at- 
tempt to eliminate internal water tensions. Plants 
were either petiole-fed, as previously, or leaf-fed by 
THO vapor. For the latter, the special bubbling ap- 
paratus, shown in figure 5, replaced the reaction flask 
of earlier sections. The entire assembly was en- 
closed in a completely darkened fume hood and the 
THO vapor-saturated air was cycled over the leaf 
for 1 hour in the dark. Then a small amount of CO., 
sufficient to give about 0.1% by volume, was intro- 
duced into the system with a hypodermic syringe via 
the interconnecting tubing. After a few minutes the 
leaf was given about 1,000 ft-c of illumination. Zero 
time was taken as the time of illumination. 

After treatment, the plants were sectioned quickly 
and frozen in liquid nitrogen. Water was removed 
from each section as follows: a) the frozen section 
was transferred quickly to one arm of the distilling 
apparatus, shown in figure 5e, which was immersed 
in liquid nitrogen; b) the system was then evacuated 
and the Dewar transferred to the other arm; c) the 
arm containing the tissue was then placed in a steam 


(TO LEAF CHAMBER —=TO DRIER AND 
WATER 
ASPIRATOR 
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SEAL 
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COPPER WIRE ~ (7-7 %. 
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Fic. 5. Apparatus for administration and analysis of 
THO. a. THO vapor generator. b, c. NH,TCI sample 
planchet preparation. d. grounding of planchet to avoid 
counting hysteresis. e. distillation of THO from plant 
sections. 


bath and the distillation allowed to proceed for 1 hour; 
d) the arm containing the distillate was capped quick- 
ly ; the sample was allowed to attain room temperature 
and was then assayed for THO activity. 

2. THO assay. THO activity was measured by 
a modification of the NH,Cl exchange method de- 
scribed by Jenkins (9) in the following sequence: a) 
NH,Cl (200 mg/ml) was dissolved in the THO 
sample and allowed to equilibrate for 10 minutes; b) 
0.1 ml of this solution was placed on an aluminum 
planchet in a small bell jar (fig 5b) and evaporated 
to dryness at steam temperature; c) a Pyrex cylinder 
with a clean upper planchet was placed over the 
sample (fig 5c) and the system was evacuated to about 
10- mm Hg for 10 minutes; d) while the vacuum 
was maintained, a hot plate, previously heated to about 
200° C, was moved under the steel plate. The 
NH,TCI then sublimed slowly, condensing first on 
the cool cylinder and finally, as the cylinder heated 
from the bottom, on the upper planchet. This pro- 
cedure produced uniform, infinitely thick samples that 
could be counted in a windowless flow counter. 

During counting, these samples showed the 
hysteresis effect observed by Jenkins. The indicated 
disintegration rate would decrease progressively to 
about 70 % of the initial rate after 10 minutes. If 
the plates were allowed to stand in the air or in the 
flow counter, with the anode potential reduced to 
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zero. the initial rate was again obtained. It seemed 
reasonable that this was a space-charge effect, the 
ionized ,He® disintegration product of tritium having 
insuflicient recoil energy to escape the electrostatic 
field of the anode. The ions would then accumulate 
in a layer just above the sample and some of the beta’s 
would be captured before they could produce the 
necessary geiger avalanche. It was finally found that 
the difficulty could be overcome entirely by ensuring 
goo contact between the bottom of the metal planchets 
and the grounded plate-holder, as in figure 5d. 

The assay procedure was standardized so that 
successive sample planchets, made from the same THO 
sample, gave counts that varied less than + 3 % from 
the mean. The counting rates obtained by this pro- 
cedure were proportional to the molar concentrations 
of the THO samples. Points had been obtained from 
a dilution series starting with THO of a specific ac- 
tivity of 10 #c/ml. 

3. T-photosynthate assay. Photosynthetically- 
incorporated tritium was measured in each section 
following the THO analyses. The dried sections 
were extracted with 80 % ethanol and the extracts 
were assayed in a manner similar to the previous C"* 
extracts. The dried sample planchets ranged in cross 
section from 0.1 to 0.4 mg/cm? and were therefore 
corrected for self-absorption. A __ self-absorption 
curve, constructed from energy relationships suggested 
by Libby (12), proved to be reasonably valid over 
the range measured. 

Experiment 8. THO, . petiole .administration. 
Assuming the same recovery ratio for water as for 
other translocates, it was estimated that detectable 
amounts of THO should be found in plant sections. 
For example, in experiment 3, the fructose-C'* molar 
ratio between the upper stem sections and fed solution 
was about 0.6%. On this basis, a feeding solution 
containing 50 uce/ml of THO (about 12,000 c/m) 
should yield about 70 c/m in the upper stem. Two 
15 minute experiments were performed using 50 uc/ml 
THO. In both cases, no detectable THO could be 
found in any of the plant sections. 

Experiment 9. THO + fructose-U-C', petiole 
administration. Two trials were carried out. In 
the first, a mixed solution containing fructose-U-C' 


TABLE V 


C'4 ann THO Distriputions Fottowrnc 15 MINUTE, 


PETIOLAR ADMINISTRATION OF FRUCTOSE-U-C14 
(1.4 % 107 c/mM/ML) DtssoLvep IN 
THO (1.2 « 104 c/M/MtL) 











RECOVERY 
Activities (C/M) __RATIos* (%) 


SECTION i” 
ee C4 THO  C* THO 
Growing point 5,080 21 0.2 0.2 
Stem 51,700 
1 7'220 12 0.5 0.1 
2 9'950 0 











* (c/m/gm of section)/(c/m/ml of fed solution). 
** No THO activity found below this section. 


(same as expt. 3) and THO (50 #c/ml) was petiole- 
fed in the usual manner. The results of the THO 
and C'* assays are presented in table V. The 
C'* stem distribution is shown in figure 6. 

As a check on the analytical procedure, the follow- 
ing was performed: a) 30 #1 of THO solution (10 
“uc/ml) were added to the distillate from an entire 
stem section (about 1 ml). This gave the expected 
THO assay; b) 30 #1 each of two THO solutions (1 
and 10 uc/ml, resp.) were added to two fresh, 2 cm 
stem sections (each contained about 0.1 ml of H.O). 
The sections were sealed in small vials and, after 2 
hours, frozen and analyzed for THO. The distillates 
gave counts of 42 and 394 c/m, respectively. 

As a check on the possibility of dilution of any 
transported THO by transpiration, the second trial 
was performed in still air, with a slightly older (5- 
week) plant having two fully-expanded trifoliates 
spaced about 5 cm apart. The younger trifoliate was 
left intact and the oldest petiole was fed the fructose- 
C4, THO mixture, as previously, except that the 
THO activity was increased to 5 mc/ml and the feed- 
ing time was reduced to 6 minutes. The fed petiole 
was included in the subsequent assay as two, 6 cm 
lengths designated P, and P.. P, dipped into the fed 
solution and was rinsed quickly with water prior to 
freezing. The results are given in table VI and fig- 
ure 7. In the figure, P, and P., have been normalized 
to 2 cm lengths by dividing the activity found in each 
by three. 


TABLE VI 


C14 anp THO Distrisutions FoLLow1nc 6 MINUTE. 
PetiotE ADMINISTRATION OF FRUCTOSE-U-C!4 
(1.4 « 107 c/M/ML) DISSOLVED IN 
THO (1.2 x 10° c/mM/ML) 








RECOVERY 
Activites (c/M) _ RATIOS (%) 


C14 THO ci4 THO | 


1 24,600 8,240 2.5 0.7 

2 10,600 79 1 0.007 
1 0 0 
2 0 0 
3 120 0 
4 3 


SECTION 








Petiole 


Stem 


* 2,960 0.2 0.0003 








* Petiole entrance. (No THO activity found above 
or below this section.) 


Experiment 10. THO vapor, leaf administration. 
In these experiments, leaves were illuminated follow- 
ing equilibration with THO vapor for 1 hour in the 
dark. During the illumination period, part of the 
tritium of the water was incorporated into sucrose. 
The sucrose formed during this time presumably had 
a specific activity identical with the water from which 
it was formed (neglecting possible isotope effects). 
However, part of these tritiums-the sucrose hy- 
droxyls-are exchangeable. The activity found in the 
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Tas_e VII 


Disrkiv TIONS OF T-PHOTOSYNTHATE (T-PH) anp THO 
For:ow1nG 15 MINUTE PHOTOSYNTHESIS BY SOYBEAN 
[RIFOLIATE, AND PRECEDED BY ONE Hour’s 
EQUILIBRATION WITH VAPOR’ FROM 
THO (10 Mc/ML) IN THE Dark 











: RECOVERY 
RATIOS* (%) 
T-PH THO 


Activities (c/M) 
T-Pu THO 


689,000 398,000 
3,500 175 27 
20,800 


3,950 19 76 
2 2950 : ae 
3K 5,420 0 


SECTION 








Fed leat 
Growing point 
Stem 


0.04 


0.005 
0.002 





*c/m/gm (section/fed leaf). The fed-leaf activity 
was reduced to 62 % for sucrose (28). 
** No THO activity found below this section. 


sucrose would then vary according to the degree of 
exchange of these groups with non-equilibrated water 
(if any). 

Results for the usual 3-week-old soybean are pre- 
sented in table VII and figure 8. An 18-day-old cu- 
cumber, Cucurbita sativus L., was used for radioau- 
tography. Its analysis is also included in table VIII 
and figure 9. 


DISCUSSION 


If solvent water (THO) and solute (i.e., photo- 
synthate or petiole-fed fructose-C!*) move en masse, 
then the solute can move no faster than the solvent. 
Indeed, since the solute will be subject to adsorptive 
effects en route (probably specifically for each solute), 
as if it were moving down a column during adsorption 
chromatography, one might expect accumulative re- 
tardation of the solute. Consequently, if the radio- 
active solvent and solute are confined to phloem tubes, 
the recovery ratio (activity per unit volume, source/ 
stem-section) for solvent should remain the same, or 
should decrease less rapidly, than the solute recovery 
ratio. The data of these experiments show that, ex- 
cept for a few sections immediately adjoining entrance 
petioles, the THO recovery ratios were always two or 
three orders of magnitude less than those of the solute. 
With this reasoning alone, one is led to the conclu- 
sion that there appears to be insufficient movement 
of water to meet the requirements of the mass flow 
theory. 

Casual contemplation of the Horwitz model (8) 


SOYBEANS 61 


could suggest that the disparity between sugar and 
THO movement results from more rapid removal of 
THO from the phloem system and its subsequent 
dilution by transpiration water. Actually, as men- 
tioned previously, the diffusion constant employed in 
this model is that of free diffusion (aqueous solution 
into water). The diffusion constant for sucrose into 
water is approximately the same as the self-diffusion 
constants of the various H- and O-isotopes of water. 
The latter differ from each other, at most, by 15 %. 

It does not seem possible that there was appreciable 
irrigation of the downward translocation stream by 
the upward stream of transpiration or guttation, on 
the basis of the following analysis. A conservative 
estimate of the functional xylem cross section® for 
5-week-old soybeans, similar to that used in experi- 
ment 9 (6 min trial), was found to be 4 xX 1078 cm?. 
Under the most favorable conditions, the maximum 
expected transpiration rate would be about 0.02 


5 Appreciation is expressed to Mr. J. P. Miksche, De- 
partment of Botany, Iowa State University, for allowing 
examination of unpublished, soybean material. 


TABLE VIII 


DISTRIBUTION OF T-PHOTOSYNTHATE (T-PH) anp THO 
FoLtow1nc 30 MINUTE PHOTOSYNTHESIS BY 
CucuMBER LEAF, AND PRECEDED BY 
One Hovr’s EQUILIBRATION 
WITH Vapor FROM THO 
(10 Mc/ML) IN THE DaRK 








RECOVERY 
SECTION 





T-Ph THO T-PH THO 


875,000 702,000 
19,200 22 
7,700 27 





Leaf fed (L) 
Leaf (upper) 
(L 0.003 
0.004 


0.02 


Growing point 
(G) 


Cotyledon 
(C 
Petiole 
0 
8 0.001 
0.001 


Stem 
trace 
1 


trace 
trace 


UhWN- Pw 


11,000 





* difference from background (0) depends upon level 
of significance used in counting. 





Fic. 6 (upper right). Stem C14-profile following 15 min, simultaneous, petiole administration of fructose-U-C1* 


and THO. 


Fic. 7 (upper left). Stem C14-profile following 6 min, simultaneous, petiole administration of fructose-U-C14 


and THO. 
Fic. 8 (lower right). 


Distribution of T-photosynthate along the stem following 15 min photosynthesis by soybean 


trifoliate, and preceded by 1 hour’s equilibration with THO vapor in the dark. 


Fic. 9 (lower left). 


Distribution of T-photosynthate following 30 min photosynthesis by cucumber leaf, and 


preceded by 1 hour’s equilibration with THO vapor in the dark. : 
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ml/hr/cm? of leaf area (measured on one surface). 
The total remaining leaf area of the plant used in this 
experiment did not exceed 50 cm?. Consequently, the 
maximum transpiration rate expected would be 1 
ml/hour. Using the above estimate for the xylem 
cross section, one obtains a maximum linear velocity 
of 250 cm/hour. On the other hand, the solute was 
moving downward with a velocity of at least 120 
cm/hour (obtained by extrapolating the linear portion 
of the semi-log plot of figure 7 to the abscissa). As- 
suming then, that THO entered the stem in amounts 
comparable with the solute, and that it was removed 
by the upward-moving transpiration stream at the 
petiole exit, one would expect a maximum dilution 
factor of two in the upper stem. As may be seen 
from table VI, no THO activity was found above the 
entrance petiole which was at section 4. Similarly, 
in the soybean trial of experiment 10, the THO re- 
covery ratio in the growing point was about 1/100 
~ of the same ratio for T-photosynthate in the adjoin- 
ing stem sections 1 and 2 which were immediately be- 
neath the entrance petiole. Since the only trifoliate 
was maintained in a water-saturated atmosphere. 
the transpiration rate would have been greatly reduced 
(at least 10-fold) and there should have been con- 
siderable accumulation of THO in the growing point. 
Finally it should be noted that, in the 6-minute trial 
of experiment 9, the THO activity in P, was less 
than 1/100 that of P, whose end dipped directly into 
the radioactive solution. 

Despite these arguments, it is difficult to under- 
stand why so little THO was recovered, since a con- 
centrated sucrose solution might be expected to actual- 
ly drag solvent with it (20). 

Biddulph and Cory (2) have reported data on 
translocation of THO from the leaves of kidney beans 
that would appear to be at variance with the present 
observations, although their method of application was 
somewhat different. THO, in a concentration of 
1.39 x 10-*M (about 40 mc/ml), was applied as a 
liquid spray in solution with NaH.P22O, to a 1 inch 
diameter circle on the under side of a trifoliate leaflet. 
C40, was released, simultaneously, to the upper sur- 
face of the sprayed area. THO entered the stem in 
detectable quantities although the amount moved per 
unit activity applied, during 15 minutes, was only 
1/30 of the P®? and 1/50 of the C'*. Although the 
amount of THO incorporated into the leaf was not 
specified, it seems reasonable, despite the larger con- 
centration applied, that it was no greater than in the 
present experiments where leaves were equilibrated 
with 10 mc/ml THO. Nevertheless, they obtained 
THO concentrations of 5 x 107-1! m/ml in stem 
sections 6 inches below the entrance node. This 
level of activity (about 1.4 #c/ml) is well within the 
range of our less-sensitive assay method and would 
give about 300 c/m. The discrepancy between the 
results of the investigations, therefore, appears to be 
real and must arise either from the method of tracer 
application or from differences in hydrostatic condi- 
tions between the two plant systems. The latter 


seems a possibility. In all of their experiments, Bid. 
dulph and Cory found that the THO front contained 
an unexpectedly large amount of tracer. This. they 
suggested, undoubtedly indicated that the application 
of tracer water to the leaf epidermis affected a local 
reduction of tension at that spot which facilitated 
the movement. In the present experiments, any such 
tensions would have been relieved by the initial equili- 
bration with pure water in the petiole experiients 
and by uniform addition of water in the leaf-vapor 
experiments. 


DISCUSSION 


PETIOLE-VERSUS LEAF-FEEDING. Table IX sum. 
marizes all relevant data regarding the two feeding 
methods. Note that the leaf and stem activities are 
expressed on a gm! basis. Leaf photosynthate is 
expressed as sucrose activity assuming the 62 % in- 
corporation found by Vernon and Aronoff (26) for 
their 20 minute feedings. It was assumed that the 
source concentration, in all cases, remained invariant 


TABLE IX 


CoMPARISON OF LEAF-VERSUS PETIOLE-FEEDING METHoDs 








EXPERIMENT NO. 


RECOVERY RATIOS* (%) 





Leaf 
2. (intact). CO,, 20 min 

5. (light, intact). HC1%*, 25 min 

5. (dark, intact). HC13¢, 15 min 

10. (intact). THO, 15 min 

Petiole 

3. Fructose-U-C14, 15 min 

7. Fructose-U-C14, 15 min 

7. HC18¢, 15 min é 

9. Fructose-U-C!4, 15 min a 


*Leaf: c/m/gm fresh (stem/fed_ leaf) ; petiole: 
(c/m/gm fresh stem)/(c/m/ml of fed solution). The 
fed-leaf activities, in expts. 2 and 10, were reduced 62 % 
for sucrose (28) (see text for explanation). 





and that the amounts transported were directly time- 
dependent. Accordingly, the stem activities were 
normalized to a 15 minute translocated period. 

The molar ratios, within each feeding method, 
were surprisingly similar. On this basis alone, it 
would seem that the same mechanism was at work for 
transporting photosynthate and chloride because about 
the same relative amounts were transported into the 
stem per unit time. The lower value for experi- 
ment 5 (light) is undoubtedly due to the inhibition 
of chloride movement by light as noted earlier. 

The distinct reduction in these ratios for the 
petiole experiments is not surprising. The severed 
petiole undoubtedly presents a much smaller entrance 
cross section for tracer than the leaf. Stem activity 
profiles are qualitatively similar for the two feeding 
methods showing (except for the discontinuities) a 
general, downward decay. A priori, these compari- 
sons might seem invalid because, in the leaf-feeding 
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metho:!. the source activity does not acquire the in- 
stantaticous steady state that is characteristic of the 
petiole method. However, the theoretical semi-log 
curves obtained by Horwitz (8), for a time-variable 
source of activity, show a departure from linearity, 
the slope decreasing rapidly in the lower stem sections. 
This situation is depicted almost ideally in the semi- 
log curve for figure 1 (intact). Indeed, it seems 
significant that this departure from linearity in the 
lower stem is about the only notable difference be- 
tween the stem profiles of the two feeding methods 
(compare, e.g., figs 1, 3, and 8 with figs 2, 4, 6, and 
Fy. 

From these experiments, therefore, there would 
seem to be justification for ascribing similar mechan- 
isms in the transport of tracers either from solution 
through cut petioles or from leaves after gaseous in- 
corporation. As noted earlier, this conclusion is not 
compatible with that of the Canadian group (16) 
which found evidence for different stem pathways of 
hexose and sucrose when fed through primary-leaf 
petioles. Recently (18), they made radioautographic 
coniparisons of stems following similar petiole ad- 
ministrations of fructose and sucrose, and after photo- 
synthetic leaf-incorporation. While there was precise 
phloem localization in the latter case, the petiole-fed 
activity was more widely distributed in phloem and 
xylem and the Canadian group was convinced that 
its petiole- and leaf-fed soybeans translocated ma- 
terials in different fashions. While one cannot refute 
this conclusion, it seems highly probable that our 
respective plant systems were not physiologically 
comparable. They observed a continuous uptake of 
solution by the primary petioles (1.0-1.5 “1/min) 
whereas, in the present experiments, only negligible 
amounts of THO were taken up by the trifoliate 
petioles. It is possible, therefore, that the former 
solution-cultured plants were in a water-deficient state 
and the latter (soil-grown, at field capacitv) were in 
a water-saturated condition®. Alternatively, it is 
conceivable that physiological uptake by primary and 
trifoliate petioles may not be the same. Tn any event. 
the ultimate decision for or against similar transport 
modes with the two feeding techniques would be 
greatly enhanced bv further radioautographic studies 
using soil-grown plants’. 

Stem profile discontinuities. In every stem analy- 
sis, the orderly distributions were disrupted by activity 
peaks part way down the stem. Similar variations 
are evident from the data of others (2, 16,26). Some 
have been attributed to accumulations at the stem 


© It is worthy of note that the same explanation would 
account for the greater movement of THO observed by 
Biddulph and Cory (2) who also used solution-cultured 
plants. 

* The authors are grateful to Doctors H. J. Perkins, 
C. D. Nelson, and P. R. Gorham, National Research 
Council, Ottawa, Canada, for a preview of their manu- 
script and for a valuable interchange of views. 


nodes. In the present experiments, a peak coincided 
with a node in one experiment only (fig 2) and it 
is felt that these peaks must have some other meaning 
in experiments of this type. 


SUMMARY 


A study has been made of short-period transloca- 
tion in soybeans, Glycine max., comparing the rates 
of movement of labelled photosynthate (from leaves) 
or fructose-U-C'* (from petioles) with HCl* and 
THO. 

1. Efforts to determine any directing influence 
from plant parts were unsuccessful. Removal of root 
tips and growing points gave variable results; steam- 
ing the lower stem reduced the rate of photosynthate 
into stems; excision below the cotyledon completely 
stopped the downward movement of all leaf- and 
petiole-applied tracers. 

2. When HCl** is applied chlorine appears to 
move as chloride ion. At moderate light levels, 
photosynthesis is inhibited in the presence of non- 
wilting amounts of hydrogen chloride as shown by 
double-labelling experiments with C'*O,. Chloride 
movement is also reduced in the light compared to 
the dark. 

3. Simultaneous petiole feeding of THO and 
fructose results in the expected movement of fructose 
but, essentially, no movement of THO. T-photo- 
synthate, from leaf-vapor feedings, also moves at ex- 
pected rates but is accompanied with essentially no 
THO. Similar results for leaf-vapor feeding were 
obtained for cucumber. The data are best explained 
by a process involving movement of solute, without 
corresponding movement of water as the solvent. 

4. On the basis of quantitative comparisons, it 
was concluded that the tracers (except for THO) 
may be transported by the same type of mechanism 
whether fed from solution through cut petioles or 
through leaves after gaseous application. 
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Only a few investigations have been reported of 
attempts to reveal the geometry of translocation by 
radioautography. Biddulph’s radioautograms of kid- 
ney bean stems (1, 2) show general localization of 
activity in the phloem region following foliar applica- 
tions of P32, $35, and C'4O,. Thaine and Walters 
(5) reported preliminary work with C14-photosyn- 
thate in soybeans. 

The application of radioautography to labelled 
photosynthate presents special difficulties. Because 

e photosynthate is water-soluble, sections must be 
epared and exposed on emulsion in the dehydrated 
state. Furthermore, because the cells involved are 
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ricultural College. 

4 Institute for Atomic Research Paper No. 852. 
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Fic. 1. Tissue drying and embedding apparatus. 


only 5 to 10 # in diameter, an isotope must be used 
whose range of radiation is sufficiently small so that 
its locus may be resolved. Even the relatively soft 
beta rays from C', for example, have an average 
range, in emulsion, of about 20 #. Tritium beta’s, 
by contrast, have ranges of only 1 to 2 #, and should 
therefore give better resolution. 


EXPERIMENTAL. 1. Tissue lyophilization and em- 
bedding. Petiole and stem material from plants 
whose leaves had been fed THO vapor were lyophil- 
ized at --40° C using the method described by Jenson 
(4). The apparatus (fig 1) differed from his only 
in the tissue holder which was made of brass and was 
designed so that tissue drying and embedding could 
be accomplished with a minimum of tissue manipula- 
tion. It consisted of two matching disks, drilled to 
accommodate eight, half inch brass tube compart- 
ments with closely fitted brass-mesh caps. When as- 
sembled, the disks were separated by the circular piece 
of brass mesh. 
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Jenson drier. b) embedding chamber. c) tissue holder. 
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Fic. 2. Radioautograph of T-photosynthate in cucumber. Primary leaf was saturated with THO vapor 1 hr 


in the dark and 30 min in the light. The lyophilized section was pressed onto stripping film with albumen adhesive 
and given an 87 day exposure. Microphotographed in bright-field (x420). a) Tissue level 
b) Same as a), but emulsion level showing localized activity 
petiolar longitudinal-section; d) Same as c) but emulsion le 
companion cells. The grain lines along the cell walls are 


, petiolar cross section. 
in youngest sieve and companion cells: c) Tissue level, 
vel diffuse activity with greatest density under sieve and 
taken to be pressure artifacts. 
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initial freezing, the tissue holder was im- 
mersed, almost to the tops of the compartments, in 
n-peniane which had been cooled to its freezing point 
(—110° C) and which was stirred constantly to en- 
sure rapid transfer of heat from the tissue. The 
fresh tissue was sectioned rapidly into two 1 to 2 mm 
lengths and lowered immediately into the individual 
compartments. The caps were secured and the as- 
sembly was transferred quickly to the cooled drier 
which was immersed in a dry ice-propylene glycol 
methyl ether (Dowanol 33B) mixture. 

Cooled, dried nitrogen gas was then passed up- 
ward over the tissue at 1.5 cm Hg pressure and at a 
rate of about 0.5 M/hour. The bath temperature was 
maintained at —40° C (+ 5°) for 8 hours and then 
allowed to equilibrate with room temperature (usually 
overnight). 

For vacuum infiltration, the embedding chamber 
(fig 1b), connected to its own vacuum system, con- 
tained melted histological wax (50-54° C mp, Tissue- 
mat, Fisher Scientific Co.) that had been degassed 
at a pressure of about five # Hg at 60° C for 4 hours. 
Meanwhile the temperature of the tissue drier, with 
the nitrogen still flowing, was gradually raised to 
the wax temperature over a period of 1 hour. Both 
vacuum systems were broken; the tissue chamber 
was immersed quickly into the molten wax and the 
enibedding chamber was degassed again for about 
one hour. The vacuum was released slowly over a 
period of about half an hour and the wax allowed to 
solidify. 

Finally, excess wax was removed from the cast 
and the tissue holder was broken open by separating 
the brass disks. The tissue compartments were 
punched out gently and the tissue was blocked for 
sectioning. 

Considerable difficulty was encountered in obtain- 
ing adequate, rapid infiltration of stem and petiole 
material with this technique. The following unsuc- 
cessful variations were attempted: waxes of different 
manufacture and melting points; variation of the dry- 
ing period from 4 to 36 hours; individual degassing 
of wax and tissue prior to immersion. 

Material from the following species was tested: 
soybean, Glycine max.; common bean, Phaseolus vul- 
garis; squash, Curcurbita moschata duchesne; and 
cucumber, Curcurbita sativus. The last proved to be 
the most successful, about one in three sections being 
sufficiently infiltrated to give acceptable histological 
sections. 

2. Radioautography. Sections 8 » thick were 
mounted on emulsion plates so that section and emul- 
sion remained in contact throughout exposure and 
processing. The plates were prepared by floating 
Kodak radioautographic permeable base stripping film 
onto 1 X 3 inch histological slides, in the standard 
fashion. When dried, these provided a smooth emul- 
sion surface of about 2 # thickness. 

Numerous methods for dry-mounting paraffin 
ribbons were attempted without success (see e.g., 
Fitzgerald (3)). Finally, individual sections were 


cut by coating the face of the paraffin block with 
molten paraffin between each stroke of the microtome 
blade and coating the latter with a thin layer of sili- 
cone grease. About one out of four sections pre- 
pared in this manner was useful. This was placed 
on a rubber-stopper mounting block and softened 
briefly by radiation from a hot plate. The emulsion 
plate was then pressed onto the section after being 
coated with the thinnest possible layer of egg albumen. 

Radioautograms, so prepared, were stored at 5° C 
in sealed, black slide boxes containing CaCl, dessicant, 
along with blanks prepared from nonradioactive tis- 
sue. After exposure, they were processed horizon- 
tally in flat staining jars at 20°C. The supporting 
paraffin layer was removed in xylene, a process re- 
quiring about one hour. This was followed by hydra- 
tion in an alcohol series and development with Kodak, 
D-19. The section and emulsion were then stained 
lightly with Mayer’s hemalum; the excess emulsion 
was removed from around the section and a cover 
glass was secured. 


RESULTS AND DISCUSSION 


Petiole and stem material for radioautography 
were taken from the cucumber plant used in experi- 
ment 10, as indicated in figure 9 of the preceding pa- 
per. In general, the results were disappointing. In 


spite of extreme care during processing, many sections 
were either displaced from their initial positions on 


the emulsion or were lost completely. The critical 
stem in the processing was the first, which was neces- 
sary in order to remove the upper paraffin layer. 
Cross sections were among the greatest casualties. 

Examples of successful radioautograms are shown 
in figure 2. The petiole cross section shows local- 
ized activity beneath the most recently. differentiated 
phloem. Greatest density appears to be associated 
with companion cells. The petiole longitudinal sec- 
tion is more typical of the results, the activity being 
more diffusely associated with phloem and compan- 
ion cells. The grain lines along cell walls are not 
attributable to radioactivity because they also ap- 
peared in blanks. These were fortunate artifacts 
since they served as criteria for section alignment 
and contact- with the emulsion. 

The difference between the two types of localiza- 
tion, as illustrated in the figures, makes one suspicious 
that the albumen adhesive caused considerable diffu- 
sion. Perhaps the greater localization in figure 2c, d 
resulted fortuitously from tissue that remained in 
contact with the emulsion without adhesive. It should 
be noted also, with reference to figure 9 (Gage and 
Aronoff, Plant Physiol 35: 53-64) that a large 
activity peak occurs just beneath the radioautographed 
tissue. If this represents the bulk of the radioactive 
translocate which passed through the radioauto- 
graphed tissue at some earlier time, then one might 
have expected to find only its diffusion trail at higher 
levels in the metabolically-active companion cells. 
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SUMMARY 


Preliminary radioautograms of T-photosynthate 
in cucumber (Curcurbita sativus L.) stems and 
petioles displayed activity associated with phloem tis- 
sue in all sections. In one cross section, there was 
localized activity within newest-differentiated sieve 
and companion cells. 
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ON THE NATURE OF GLUTAMIC ACID DECARBOXYLASE IN WHEAT EMBRYOS "? 
YU-YEN CHENG, PEKKA LINKO ano MAX MILNER 
DEPARTMENT OF FLouR AND FEED MILLING INDUSTRIES, KANSAS STATE UNIVERSITY, MANHATTAN 


The presence of glutamic acid decarboxylase in 
wheat germ has been shown recently (3, 9, 14). 
This enzyme is readily activated in dry embryos by 
wetting (12). A strong carboxylase activity appears 
simultaneously (10). Hence it became important 
to obtain more information about the source of this 
carbon dioxide evolution, which is a unique character- 
istic of wetted wheat germ (13). Schales et al (16) 
reported that phenol inhibits squash pyruvic acid de- 
carboxylase whereas glutamic acid decarboxylase 
activity remains largely unchanged. This prompted 
a study of the effect of various chemicals on these 
two enzyme systems in wheat embryos in order to 
elucidate the role of glutamic acid in the carbon di- 
oxide evolution initiated by the increased moisture 
content. In this connection a study was also under- 
taken to determine the mechanism and kinetics of the 
decarboxylation of glutamate by wheat germ. 


MATERIALS AND METHODS 


The materials and the manometric techniques used 
were essentially the same as have been described 
earlier (3). One-sidearm vessels were used. Al- 
though the retention of carbon dioxide by the buffer 
(pH 5.8) is negligible, the results were corrected for 


1 Received April 10, 1959. 

2 Contribution No. 315, Department of Flour and Feed 
Milling Industries, Kansas Agricultural Experiment Sta- 
tion, Manhattan. Part of the work reported here was 
taken from a thesis of Miss Yu-Yen Cheng submitted to 
the Graduate Faculty of Kansas State University in 
partial fulfillment of the requirements for the degree of 
Master of Science. The work was supported by grants 
from the Rockefeller Foundation and Cargill, Inc. 


retention of carbon dioxide. Values for CO, evolu- 
tion were determined with a standard error of 1.4 %. 

Initial reaction velocities for glutamic acid decar- 
boxylase in 50 mg of wheat embryos, employing con- 
centrations of 0.5, 0.4, 0.2, 0.1, 0.05, 0.025, 0.01 and 
0.005 molar, were determined graphically by two 
methods: I) plotting the observed velocities x/t 
(#1 CO./5 min) versus time and extrapolating to the 
value t = O (manometer stopcock closing time was 
taken as zero time), and also to the value t = —5 min 
(time of tipping of the substrate solution) ; and ITI) 
plotting the velocities x/t versus x and extrapolating 
to the value x = O, as suggested by Schales et al 
(15)*. 

The Michaelis-Menten constants (K,,) and the 
maximal reaction velocities (Vax) were obtained by 
the usual graphic methods from a double reciprocal 
plot of the relation between the reaction rate and 
glutamate concentration. 

The activation energies were determined for the 
temperature interval, 21° to 30° C using the conven- 
tional graphic adaptation of the Arrhenius equation. 


3 The practice of closing the stopcocks and initiating 
the trial 5 minutes after tipping-in of the substrate solu- 
tion was adopted as standard procedure in this work for 
the reason that only a part of the immediate pressure 
change produced when dry germ is wetted is due to en- 
zymatic carbon dioxide evolution. Other factors which 
affect the pressure change significantly, but only during 
the first 3 or 4 minutes after wetting, include colloidal 
swelling of the germ and the release of carbon dioxide 
from fixed sources of this gas (e.g. bicarbonate). The 
relative amounts of pressure change contributed by these 
factors during the first five minutes are as follows: en- 
zymatic decarboxylation 10 %, swelling 37 %, and non- 
enzymatic carbon dioxide release, 53 %. 


w laldmin) 
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Inhibition studies were carried out using azaserine 
(Parke -Davis & Co.), isonicotinic acid hydrazide and 
salicy!nhydroxamic acid (Delta Chemicals, Inc.), bi- 
sulfite, arsenite and cyanide. The inhibitors, at a 
concentration of 0.1 molar, were dissolved in buffered 
substrate solutions. In chromatographic studies 1.5 
ml of 0.1 M buffered inhibitor-substrate solution was 
pipetted into a tube containing 200 mg of freshly 
ground wheat germ. Reaction mixtures were shaken 
in a water bath at 30° C. Shortly before any given 
sampling time, the mixture was centrifuged for one 
half minute, and a 250 #1 aliquot of the supernatant 
was rapidly pipetted into 2,750 ul of 95% ethanol. 
Samples were taken after 10, 20, 30, 60 and 180 
minutes. The mixtures were allowed to stand in 
ethanol over night and centrifuged. Fifty microliters 
of the supernatants were pipetted on the origin of 
chromatograms. 

Whatman No. 4 filter paper was used without pre- 
washing for chromatography by procedures described 
earlier (11). m-butanol-acetic acid-water mixture 
(63:10:27) was used as solvent, and in case of 2- 
dimensional chromatography, phenol (Merck, reagent 
grade) saturated with water (ammonia atmosphere) 
was used as second solvent. Colorimetric quantitative 
measurements of amino acids were done according 
to Fischer and Dérfel (5). 


RESULTS AND DISCUSSION 


MICHAELIS-MENTEN CoNSTANT: Initial reaction 
velocities are normally determined by plotting the ob- 





served velocities x/t versus time t, and extrapolating 
to the value t = O (method I). However, Schales 
et al (16) found that the enzymatic decarboxylation of 
glutamic acid does not truly follow a first order re- 


decreasing 
a—x 


with time. He also noticed that this decrease in re- 
action velocity apparently depended on the amount of 
substrate present at any given moment. Therefore, 
reasonably straight lines are obtained by plotting the 
velocities x/t versus x. Initial reaction velocity can 
then be obtained by extrapolating to the value x = O 
(method II). However, because manometer stop- 
cocks were normally closed 5 minutes after tipping the 
substrate solution into the reaction chamber (see 
footnote*), it was necessary to extrapolate the veloci- 
ties to the value t = —5 min. Because method II 
gives velocities only at time t = O, it was found 
necessary to compare results obtained by both 
methods. 

In all cases the initial velocities were corrected by 
subtracting the values obtained when wheat germ was 
wetted with buffer containing no substrate. The ve- 
locities at t = O did not differ markedly regardless 
of the method of extrapolation. Michaelis-Menten 
constant was always found to be 0.025 M, which 
agrees well with the results obtained with glutamic 
acid decarboxylase from various other sources (2, 6, 
15, 17). As anticipated, there was a slight variation 
in Vinax depending on the method of extrapolation of 
the initial velocity (table I). Figure 1 shows the 


1 
action, the values for k = 9 log 
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Effect of substrate concentration on initial velocity of the decarboxylation of glutamate by wetted 


Fic. 1 (left). 


wheat germ. 50 mg germ (9.2 % moisture), 1 ml substrate solution, pH 5.8 at 30° C. 


t = 0 min. 
Fic. 2 (middle). 
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(1) t = —5 min; (2) 


Effect of temperature on carbon dioxide evolution, oxygen uptake and R.Q. of wetted wheat 


germ. 100 mg germ (9.2 % moisture), 1 ml 0.05 M glutamate, pH 5.8. 


Fic. 3 (right). 
wetted wheat germ. 


Effect of 0.1 M isonicotinic acid hydrazide on the decarboxylation of glutamate and pyruvate by 
1) glutamate; 2) glutamate + INAH; 3) pyruvate; 4) pyruvate + INAH; 5) buffer; 6) 


buffer + INAH. 100 mg germ (9.2 %. moisture), 1 ml 0.1 M substrate solution, pH 5.8 at 30? C. 
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TABLE I. 


Errect oF METHOD oF DETERMINATION ON THE MAXIMUM 
INITIAL VELOCITY OF DECARBOXYLATION OF 
Giutamic Acip By WHEAT Empryos. 





METHOD OF EXTRAPOLATION 
OF INITIAL VELOCITY Vinax (HI/MIN) 





Method 1, extrapolated to t = 0 min 11.8 
Method 1, extrapolated to t = —5 min 13.4 
Method 2, extrapolated to x = 0 ul 12.5 





effect of concentration on initial reaction velocity, 
when extrapolation method I was employed. 


AcTIVATION ENeErGy: Figure 2 shows the effect 
of temperature on oxygen uptake and on the decar- 
boxylation of glutamate by wheat embryos. The 
optimum temperature for the decarboxylation appeared 
to be about 30° C, whereas that of the oxygen uptake 
mechanism was around 40° C. R.Q. decreased con- 
tinuously while the temperature increased from 21° 
to 50° C, indicating a relatively faster thermal in- 
hibition of glutamic acid decarboxylase than of the 
oxygen uptake mechanism. Thus calculation of R.Q. 
in biological material of high glutamic acid decar- 
boxylase activity may easily lead to wrong conclusions 
in regard to the respiration itself, because the enzy- 
matic decarboxylation of glutamate can be carried 
out anaerobically, thus leading to very high R.Q. 
values practically independent of oxygen uptake. 

Reaction velocities were determined at various 





temperatures both at t = O, and at t = —5 min, 
Log Vinax (#1/min) was plotted versus the reciprocal 
of the absolute temperature 1/T. The correlation 
was reasonably linear only from 21° to 30° C, ibove 
which the enzyme was gradually inactivated. Hence 
only this temperature range was used in determ ning 
the energy of activation. 

When 100 mg of wheat germ and 1 ml of 0.05 4 
glutamate were used, an activation energy of % = 
9,100 cal was obtained. The correction for carbon 
dioxide evolution caused by wetting the germ with 
plain buffer containing no substrate had no effect on 
the slope E/R, and hence on the activation energy, 
That indicates that much of the immediate carbon 
dioxide evolution from wetted wheat germ apparently 
is due to decarboxylation of glutamate originally in 
the germ. 


INHIBITION STupIEs: Schales et al (16) reported 
recently that phenol inhibits enzymatic decarboxyla- 
tion of pyruvate by squash extract without materially 
affecting the decarboxylation of glutamate; however, 
the present studies with wheat embryos show (figure 
4) that both enzyme systems are inhibited to about the 
same degree in such material. Twelve mg/ml of 
phenol nearly stops both reactions. The first attempts 
to try to inhibit either one of these reactions selective- 
ly thus failed. 

Davidson (4) studied the inhibition by isonicotinic 
acid hydrazide (INAH) of rat liver L-cysteine sul- 
finic acid decarboxylase known to react with several 
enzyme systems (7). Davidson found that the formyl 
group of pyridoxalphosphate reacts with INAH to 
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Fic. 4 (left). Effect of phenol on the decarboxylation of glutamate and pyruvate by wetted wheat germ. 
mg germ (9.2 % moisture), 1 ml 0.1 M substrate solution, pH 5.8 at 30° C. 

Fic. 5 (right). Effect of 0.1 M isonicotinic acid hydrazide on the formation of y-amino-butyrate (y-AB) from 
glutamate by wetted wheat germ. 200 mg germ (9.2 % moisture), 1.5 ml 0.1 M glutamate, pH 5.8 at 30° C. (1) 
glutamate and (4) y-AB concentration with INAH; (2) glutamate and (3) y-AB concentration without INAH. 
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form » hydrazone. Therefore he suggested that all 
pyricl salphosphate requiring enzymes may be in- 
hibited to the same extent by INAH. He proved 
this ith brain cysteine sulfinic acid and glutamic 
acid decarboxylase. Figure 3 indicates that INAH 
inhibits the decarboxylation of glutamate by wheat 
germ to the same level it reduces carbon dioxide evo- 
lution from embryos wetted with buffer containing no 
substrate, but INAH does not materially affect the 
decarboxylation of pyruvate. This supports the 
theory that, even though wheat germ is capable of 
decarboxylating pyruvate, carbon dioxide evolution 
from wetted germ is mostly due to the decarboxylation 
of glutamate, thus leading to highly elevated R.Q. 
values. This agrees well with the Linko and Milner 
report that wheat germ contains approximately 3,000 
times as much free glutamate as pyruvate (11). The 
inhibition of glutamic acid decarboxylase was also 
shown by means of quantitative paper chromatography 
(figure 5). 

According to Barker et al (1) azaserine inhibits 
transamination in Scenedesmus. The effect, there- 
fore, of azaserine on glutamic acid decarboxylase in 
wheat germ was studied, because it is generally ac- 
cepted that both glutamic acid decarboxylase and 
transaminases require pyridoxalphosphate as a co- 
factor and, hence, are inhibited by INAH (8). Thus 
a similar correlation with azaserine could be expected. 
Both chromatographic and manometric studies, how- 
ever, showed azaserine to have virtually no effect on 
either glutamic acid decarboxylase or transaminase 
in wheat germ. 

McDonald and Milner (13) have shown that bi- 
sulfite inhibits carbon dioxide evolution and nonenzy- 
matic browning in wetted wheat germ. Paper chro- 
matographic study showed that both bisulfite and 
arsenite in a concentration of 0.1 molar totally in- 
hibited decarboxylation of glutamate. Cyanide also 
strongly inhibits this reaction at concentrations as low 
as 0.00125 M and 0.2 M cyanide virtually stops the 
decarboxylation of both glutamate and _ pyruvate. 
Salicylhydroxamic acid had virtually no effect on the 
enzyme systems studied. 


SUMMARY 


Reaction kinetics and the inhibition of glutamic 
acid decarboxylase activity in wheat germ were 
studied. Michaelis-Menten constant of 0.025 M, and 
an activation energy of 9,100 calories for intact germ 
within the temperature range of 21° to 30° C were 
found. Optimum temperature of the decarboxylation 
of glutamate was 30° C, and that of oxygen uptake 
mechanism 40° C. R.Q. decreased constantly with 
increasing temperature from 21° to 50° C. 

Isonicotinic acid hydrazide inhibited the decar- 
boxylation of glutamate by wheat germ to the same 
level that it reduced carbon dioxide evolution from 
germ wetted with buffer containing no substrate, 
but it did not materially affect the decarboxylation of 
pyruvate. This indicates that carbon dioxide evolu- 


tion from wetted wheat germ is largely due to de- 
carboxylation of glutamate. Phenol inhibited the de- 
carboxylation of both glutamate and pyruvate to the 
same degree. Azaserine did not affect either glutamic 
acid decarboxylase nor transaminase. Low concen- 
trations of cyanide, arsenite, and bisulfite inhibited 
glutamic acid decarboxylase. 
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I. SULFATE ACCUMULATION AND ACTIVE SULFATE»? 
RANDOLPH T. WEDDING ann M. KAY BLACK 
DEPARTMENT OF PLANT BIOCHEMISTRY, UNIVERSITY OF CALIFORNIA, RIVERSIDE, CALIFORNIA 


The uptake and metabolism of sulfur has enjoyed 
relatively little attention as compared with other 
elements known to be essential for plant nutrition. 
Considerable information has been developed on the 
metabolism of sulfur by microorganisms, but in 
chlorophyllaceous plants relatively little is known re- 
garding the mechanisms of sulfur reduction and in- 
corporation into organic forms following its absorp- 
tion as the inorganic sulfate ion (15). 

The formation of “active” sulfate by animal and 
plant cells has recently become a subject of some 
interest, and several workers have shown the exist- 
ence of systems capable of activating sulfate by com- 
bining the latter with nucleosides in a number of 
compounds which serve to facilitate the transfer and 
further reduction of sulfate (8, 12, 13, 17, 18). In 
most cases this work has involved in vitro study of 
systems isolated from animal or yeast cells, but S- 
adenosylmethionine has recently been identified in 
acid extracts of Chlorella cells fed S*°OF and enzy- 
matic evidence for the existence of other “active” sul- 
fates obtained (12). 

Recent work in this laboratory (16) has shown 
that 2,4-dichlorophenoxyacetic acid has no detectable 
effect on the total uptake of sulfate by Chlorella at 
1° C, but has a very pronounced effect on the uptake 
of this ion at 25°C. This indication of an auxin 
effect on sulfur metabolism has incited additional 
study of this problem. The present work is con- 
cerned with the mechanism of sulfate uptake by 
Chlorella and the possible role of “active” sulfate in 
this process. 


MATERIALS AND METHODS 


The material used for these studies was Chlorella 
pyrenoidosa, Chick. (Emerson’s strain) grown in 
nutrient solution under fluorescent light as described 
previously (16). The cell suspension employed for 
uptake studies was prepared by centrifugal concentra- 
tion of a dilute suspension having an absorbancy of 
0.85 at 525 mez to 1/16 of its original volume. Four 
ml aliquots of the concentrated suspension were centri- 
fuged, the packed cells suspended in 5 ml 0.01 M 
potassium phosphate buffer at pH 5.5, transferred to 


1 Received for publication April 17, 1959. 
2Paper No. 1154, University of California Citrus 
Experiment Station, Riverside, California. 
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50 ml flasks and immediately mixed with 5 ml of the 
same buffer containing radioactive sulfate to give a 
final concentration of 10-5 M sulfate. This solution 
contained 6.5 x 10-$M S**C¥ ; where higher total 
concentrations of sulfate were used, the amount of 
labeled sulfate was maintained at this level. Suspen- 
sions prepared in this way contained a total volume of 
cells, determined by centrifugation into capillary tubes 
at 100 x G, of 0.15 to 0.20 ml. Cell volume measure- 
ments were made individually for each experiment. 

Chlorella was incubated with sulfate in a water 
bath at 25° C for periods ranging from 10 minutes 
to 4 hours while being shaken at a rate of 120 cycles 
per minute. Unless otherwise specified, the cells 
were illuminated during the uptake period with ap- 
proximately 1,000 ft-c of light from a bank of fluor- 
escent lamps. Preliminary experiments indicated 
that the total amount of sulfate uptake was dependent 
on the efficiency of aeration of the medium during 
incubation, and the large surface and thin liquid layer 
used in this work resulted in a high rate of sulfate 
ineorporation by the cells. 

At the end of the uptake period the suspension was 
transferred to 15 ml centrifuge tubes and the cells 
were thrown down. The supernatant was decanted, 
the packed cells were suspended in 1 ml of redistilled 
water and again centrifuged as a rinse. The cells 
were then killed and extracted by resuspending in 
95 % ethanol at 90° C while receiving ultrasonic 
oscillation from a transducer incorporated into a 
water bath. The alcohol extraction procedure con- 
sisted of an initial 5 minute period in 1 ml of boiling 
95 % ethanol followed by two additional 5 minute 
extractions with 1 ml of boiling 80 % ethanol while 
being sonicated. The supernatants from each extrac- 
tion were combined and made to a total volume of 
2 ml. This ethanol solution was extracted 3 times 
with 1 ml aliquots of petroleum ether to remove some 
pigments and highly nonpolar materials. The con- 
stituents of the ethanol-soluble fraction after petrole- 
um ether extraction, were separated further by paper 
chromatography. Chromatography of a slurry of the 
residue from the original ethanol extraction indicated 
that the extraction procedure removed all inorganic 
sulfate and soluble amino acids from the cells. 

The chromatographic method utilized one-dimen- 
sional chromatograms on 22 inch acid-washed What- 
man No. 1 paper developed in absolute ethanol/28 % 
NH,OH /water (80/5/15). Two chromatograms of 
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each) «tract were run, one developed at 25° C for 
12 to 15 hours, which brought the solvent front near 
the edge of the paper, and the other for 72 hours, 
which: provided better resolution of the glutathione, 
cysteine-cystine and inorganic sulfate spots. Addi- 
tional one- and two-dimensional chromatograms were 
run in water-saturated phenol, water-saturated col- 
lidine-lutidine (40/60) and N-butanol/acetic acid/ 
water (40/10/50) primarily for purposes of identi- 
fication. 

Compounds containing radioactive sulfur were lo- 
cated on the chromatograms by means of radioauto- 
graphs, using a 24 hour exposure on Eastman No- 
Screen x-ray film. The quantity of S** incorporated 
in compounds on the one-dimensional chromatograms 
was determined by scanning the strips with a gas 
flow tube equipped with a “micromil” end window 
and a precision counting-rate meter, the output of 
which was taken to a recorder having a chart speed 
synchronized with that of the strip. The strips were 
pulled under a slit with an aperture of 1/16 or 1/4 
inch at rates ranging from 1/4 to 2 inches per minute. 
Proper selection of conditions in this range made 
possible reproducible determinations of amounts of 
S** in spots containing as little as 100 or as much as 
2 x 10® total counts per minute. The area under 
the curve for each radioactive compound was inte- 
grated by cutting out each recorded peak above the 
background level and weighing the paper. Conver- 
sion to quantity of S*° was effected by comparison 
with peaks for known standards of S**° chromato- 
graphed and scanned at the same time. Compounds 
which absorb ultra-violet light of 254 m# were lo- 
cated with use of a filtered u-v source. 

The radioactivity in the alcohol-insoluble residue, 
and in the incubation medium after removal of the 
cells, was determined by counting planchets on which 
aliquots of these materials had been uniformly spread 
and dried. 

An assay for nucleotide sulfur compounds (3, 6) 
was carried out on cells treated in the same way as 
those subjected to ethanol extraction. After initial 
centrifugation, the cells were chilled in an ice bath, 
suspended in 1 ml of cold 1 N HC1lO,, and homogen- 
ized in a motor-driven Potter homogenizer immersed 
in an ice bath. Four additional 1 ml aliquots of cold 
perchloric acid, used with alternate homogenization 
and centrifugation, completed the extraction. The 
supernatant from each aliquot was decanted onto a 
suction filter, mixed with Celite and filtered into a 
tube containing 25 mg of acid-washed charcoal 
(Norite A). The filtrate was shaken with the char- 
coal for 2 minutes, then filtered and the charcoal 
washed with 5 ml of cold 0.05 M Na acetate buffer 
followed by 5 ml of water. This washing procedure 
was found to remove all but approximately 5 % of 
the SO= when known quantities of sulfate were 
mixed with charcoal in this way. The nucleotide 
materials adsorbed on the charcoal were then eluted 
with 2 ml of cold 1 % NH,OH in 50 % ethanol. A 
250 ul aliquot of this eluate was placed on acid-washed 
Whatman No. 3 paper for.ionophoresis (8) in 0.03 M 


citrate buffer at pH 5.9 at 1° C. Migration was car- 
ried out for 4 hours at 350 volts. The specificity of 
charcoal adsorption for nucleosides and nucleotides 
(3) and the electrophoretic behavior of the compounds 
eluted from charcoal indicated that the u-v quenching, 
radioactive compounds separated in this way were 
combinations of sulfur with nucleosides. 


RESULTS 


An idea of the location and degree of resolution 
of the sulfate and some other compounds in chromato- 
grams of ethanol extracts of Chlorella may be ob- 
tained from figure 1, where a chromatogram stained 
with ninhydrin is shown together with its radioauto- 
graph and the chart from a scan of its radioactivity. 
The scan chart, with a full-scale value of 30,000 cpm, 
shows either very small peaks or no peaks for some 
of the radioactive compounds detected in the radio- 
autograph, but by selection of appropriate conditions 
it is possible to obtain reproducible quantitative deter- 
minations for all of the radioactive compounds shown. 
This chromatogram was developed approximately 5 
times longer than is required for the solvent front to 
run off the paper, in order to obtain good separation 
of compounds with low Rf values. Sulfur-containing 
compounds with Rf’s greater than two had run off the 
paper and are not shown. 

Sulfate, the only labeled compound from the 
chromatograms which will be dealt with in this paper, 
was identified by co-chromatography with authentic 
sulfate in one- and two-dimensional chromatograms 


in ethanol/ammonia/water, butanol/acetic acid/water, 
phenol/water, collidine-lutidine/water and by identity 
of migration with known sulfate in paper electro- 
phoresis using borate buffer, pH 8.5 and acetate 


buffer, pH 5.2. In addition, this material was not 
adsorbed by a cation exchange resin (Dowex 50), and 
eluted spots formed a white precipitate with BaCl,. 


TIME-COURSE OF SULFATE UptaKE: The accumu- 
lation of sulfate by Chlorella from 10-5 M SOF solu- 
tion over a four hour period is shown in figure 2, 
where the changes in alcohol-insoluble S and total S 
in the cells are also summarized. The initial rapid 
phase of SOF uptake, which under the conditions of 
this experiment probably does not include appreciable 
quantities of sulfate in apparent free space, is con- 
cluded within two hours, with relatively small differ- 
ences after this time. The curves for residual S and 
total S are of essentially the same type as that for 
sulfate. 

The nature of this uptake of sulfate with time 
raises the possibility that what is actually being meas- 
ured is a passive exchange of radioactive sulfate in 
the external solution for sulfate already present in 
the cells. Attempts to evaluate this possibility by 
chemical analysis of the sulfate in the uptake medium 
after equilibration with the cells have been inconclu- 
sive because the amounts of sulfate involved are near 
the sensitivity limits of the available methods, but 
they indicate that there may be some displacement 
of sulfate in the cell during uptake of S**OF. How- 
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Full scale on scan chart = 30,000 cpm. 
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Chromatogram developed 72 hours at 2 


One-dimensional chromatogram strip (center) with radioautograph (left) and chart of radioactivity scan 
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ever, the effects of light and metabolic inhibitors on 
the sulfate which can be recovered from Chlorella 
make it seem probable that such an exchange is a 
minor factor if it occurs. A similar type of uptake 
with time has been shown in bacteria with a variety 
of polar solutes (2) where accumulation is in the 
protoplasm rather than the vacuole. 


SuLFATE UPTAKE IN RELATION TO EXTERNAL 
ConcENTRATION: The amount of sulfate found in 








Sulfate 





SULFUR IN CELLS — wMoles 

















LOG [(Si/So) X 100] 





l iT 1 it 








1o°5 1o-* io? 10°? 107! 
EXTERNAL SULFATE — Molar 

Fic. 2 (upper). Uptake of sulfate by Chlorella in 
light with time. External solution 10—* M SOF labeled 

with S*5OF in 0.01 M K phosphate buffer, pH 55. 
Fic. 3 (lower). Effect of external sulfate concentra- 
tion on SOF taken up by Chlorella in light from phos- 
phate buffer. Si = SOF recovered from cells, zmoles/ 
liter; and So = SOF in external solution, umoles /liter. 


ethanol extracts of Chlorella after a four hour period 
of uptake from solutions of varying sulfate concen- 
tration is shown in figure 3. For convenience in 
plotting, the amount of SOF recovered from the cells 
is shown as the logarithm of the ratios of concentra- 
tion of the internal sulfate and that in the external 
solution, log [(Si/So) x 100)], where; Si = chro- 
matographically determined sulfate from the ethanol 
extract in #M/liter calculated on the basis of total 
volume of cells, and, So = sufate initially present in 
the external solution in #M/liter. On this scale a 
value of 2 indicates equal internal and external con- 
centration. 

Although the amount of sulfate in the cell rela- 
tive to that in the solution changes enormously with 
a change in external concentration from 1075 to 107? 
M SO; , the amount of sulfate in the ethanol extract 
uniformly constitutes 70 + 5 % of the total S in the 
cell over the entire range as shown in table I. This 
fact may also militate against the possibility of dif- 


TABLE I, 


RELATION BETWEEN EXTERNAL SULFATE CONCENTRATION 
AND SULFUR CONTENT OF CHLORELLA * 








SULFATE IN TOTAL SULFUR 
ETHANOL EXTRACT IN CELLS 
PMOLES UMOLES 


0.0680 
0.1780 
0.2938 
0.7020 
3.3500 


EXTERNAL SOS 
CONCENTRATION 
MOLAR 


10-5 
10-4 
10-3 
10-2 
1071 








* Cells in phosphate buffer 4 hours in light. See text 


for details. 


fusion exchange since this would require either ex- 
change of sulfate with all S-containing compounds in 
the cell or the fortuitous conversion of exchanged 
SO; in the cell to other compounds at a rate equal 
to the entry by diffusion. 

Sulfate uptake in response to external concentra- 
tion resembles an adsorption isotherm. Since, as 
will be brought out later, relatively little of the sulfate 
can be displaced by desorption with non-radioactive 
sulfate, this probably indicates a metabolic mechanism 
for sulfate uptake in these studies. Similar data have 
been interpreted (2) as showing the participation of 
enzymic or other specific complexing sites in solute 
uptake. 

Further evidence for the metabolic nature of this 
uptake is given by the fact that cells prepared in the 
same way take up only 3 % as much SOF at 1° C 
as at 25° C and in four hours do not approach an 
amount inside the cells equivalent to the external con- 
centration, while at 25° C this concentration is ex- 
ceeded within a few minutes (15). - 
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SULFATE LEACHING FROM CHLORELLA: A further 
attempt to establish the nature of the sulfate fraction 
in Chlorella cells was made by leaching of cells which 
had been allowed to take up labeled sulfate. These 
studies were carried out with potassium phosphate 
buffer alone, and with buffer containing 10~* M un- 
labeled sulfate under conditions designed to minimize 
metabolism and permit outward diffusion of sulfate. 
After taking up sulfate for one hour in light, the cells 
were centrifuged, rinsed and resuspended in solutions 
containing no radioactive sulfate and incubated at 
25° C for an additional four hours with continuous 
shaking. We found virtually no effect of unlabeled 
sulfate in the leaching solution on the amount of sul- 
fate removed from the cells, indicating little exchange 
of ions under the conditions used. This, and the 
small amount of sulfate leached from the cells in these 
experiments is in contrast to earlier results (4, 7) but 
the discrepancy probably lies in the use of a rinse 
before extraction, and shows that the sulfate deter- 
mined in the present study is actively accumulated in 
the sense used by previous workers. 

The leaching data are summarized in table II, and 
show that incubation in darkness causes a small in- 


TABLE II. 


LEAKAGE OF SULFATE FROM CHLORELLA CELLS * 








SULFATEIN SULFATE 
ETHANOL REMOVED 
EXTRACT BY LEACHING 
ULMOLES BUMOLES 


17,700 dd 
17,100 62 
16,800 75 
16,500 979 
15,100 2,600 


* After 1 hour uptake in light from 10-5 M sulfate 
in phosphate buffer, cells were transferred to phosphate 
buffer and incubated 4 hours under the conditions indi- 
cated. See text for details. 


TREATMENT DURING LEACHING 





Light 

Dark 

Dark under N, 

Light, with 10-5 M DNP 
Light, with 10-* M DNP 





crease of SOF leakage as compared with light, and 
incubation in darkness under an atmosphere of N, 


increases the loss only slightly. Only in the presence 
of 2,4-dinitrophenol (DNP) does the sulfate removed 
from the cells amount to a significant fraction of the 
total recovered by the ethanol extraction. This is 
similar to the results of Robertson et al (11) who 
found that carrot tissues which had accumulated KCl 
showed an increase in Cl~ leakage as compared with 
untreated tissues, after transfer to DNP, but that the 
leakage amounted to only a small fraction of the total 
salt accumulated by the tissue. 

One possible explanation for this small amount 
of leaching might be that S*°Of entering the cell is 
diluted with inert sulfate already in the cell, and 
thus the leaching would remove a smaller fraction 
of labeled sulfate. This may occur to some extent, 


but even a hundred-fold dilution would indic::te te. 
moval of only 20 % of the sulfate in the cells 

During the preparation of the concentratcd ¢elj 
suspension used for these studies, the cells are washed 
twice with more than 100 volumes of water; this 
treatment does remove some of the sulfate present 
during growth and may enable the cells to re-accumy. 
late a limited amount of sulfate during the experi. 
mental uptake period which follows. Most of the 
evidence, however, points toward an active uptake of 
sulfate under the control of metabolism. 


RELATION OF SULFATE UPTAKE TO LIGHT: Al. 
though it has been reported (4) that light has a re. 
tarding effect on active uptake of sulfate by leaves of 
Vallisneria and little or no effect on metabolism of 
sulfate by sugar beet (15), it seems probable that if 
the accumulation of sulfate is in any way dependent 
on energy transmitted through adenosine triphosphate, 
the large reservoir of ATP produced by photosynthet- 
ic phosphorylation (1) would be important to sulfate 
uptake. To clarify this question comparisons were 
made of the sulfate in Chlorella cells after incubation 
in darkness and light. As a means of demonstrating 
the possible role of both photosynthetic and oxidative 
phosphorylation in sulfate uptake, treatments with 
10-* M DNP were included. The cells allowed to 
take up sulfate in darkness were depleted of normal 
food reserve and presumably of ATP by pretreat- 
ment in the dark with adequate aeration and complete 
nutrient solution for 24 hours prior to initiation of the 
uptake period. Thirty minutes before being exposed 
to sulfate they were transferred to 0.01 M sucrose in 
nutrient solution, and then transferred to sulfate, 
which also contained sucrose. This was intended to 
provide an exogenous substrate and a supply of ATP 
from oxidative phosphorylation. Cells not provided 
with sucrose were found to take up about 25 % less 
sulfate in darkness than those supplied with the sugar, 
but the effect of DNP was relatively the same as when 
the sugar was present. The results of these experi- 
ments are summarized in table III. 

The starved cells, although provided with sucrose, 
were found to have accumulated only 1/4 as much 
sulfate during a four hour incubation in darkness 
as normal cells incubated in light. When the total 


TABLE ITI. 


EFrFrect oF LIGHT AND 2,4-DINITROPHENOL ON SULFATE AND 
TotraL SULFUR CONTENT OF CHLORELLA CELLS * 








TOTAL 
SULFUR 
IN CELLS 
LEMOLES 


81,900 
36,300 
15,327 


2,960 


SULFATE IN 
ETHANOL 
EXTRACT 
HEMOLES 


48,300 
14,500 
11,900 


1,820 


TREATMENT DURING UPTAKE 





Light 

Light, with 10-4 M DNP 

Dark, in 10-2 M sucrose 

Dark, in 10-2 M sucrose 
with 10-4 M DNP 





* Cells exposed to 10-5 M sulfate in phosphate buffer 
for 4 hours. See text for details. 
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Fic. 4 (left). Distribution of S35 and ultra-violet absorbent materials from perchloric acid extract of Chlorella 
cells exposed to S35OF . Nucleotides adsorbed on charcoal, eluted with ethanol ammonia and separated by iono- 
phoresis. The figure is a radioautograph of an ionophoretogram of both Chlorella extract and standards of S®5O7, 
ATP, ADP, AMP and adenosine. U-v absorbent spots outlined. 

Fic. 5 (right). Ultra-violet absorption spectrum in the region from 240 to 320 mz of compound No. 1 (fig 4) 
isolated from Chlorella by perchloric acid extraction in the cold, adsorption on charcoal, elution with ethanol /ammonia 
and separation by ionophoresis on acid washed No. 3 paper in 0.03 M K citrate buffer at pH 5.9 with a potential 
gradient of 8.0 v/em for 4 hours. Compound eluted from ionophoretogram with water and run against a blank eluted 
from the same paper. Spectrum of authentic ATP run at the same time is superimposed for comparative purposes. 
Carey model 14 spectrophotometer was used. 
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sulfate taken up by the cells is considered, the effect 
of light is even greater, with less than 20 % as much 
sulfur in the starved, dark-treated cells. Dinitro- 
phenol is more effective in reducing sulfate found in 
the cells when applied in darkness than in light, with 
about twice as great a relative reduction of SOF con- 
centration in the cells. On the basis of total sulfur 
the effect of DNP is even less in the light, having 
caused only a 56 % reduction. These results appear 
to indicate that both active uptake and subsequent 
metabolism of sulfate are more resistant to DNP in 
light than in darkness and that light does have a 
definite stimulatory effect on both of these processes 
in Chlorella. 


ACTIVE SULFATE IN CHLORELLA: Chromatograms 
of ethanol extracts of Chlorella exposed to radioactive 
sulfate usually show ultra-violet quenching spots cor- 
responding to adenosine monophosphate and occasion- 
ally adenosine diphosphate, but in no case have we 
found a u-v quenching spot in such chromatograms 
which contains any radioactive sulfur label. When 
methods developed for extraction of nucleosides (3, 
6) are used, however, it is possible to adsorb on char- 
coal, elute and separate by electrophoresis compounds 
which both absorb u-v light and contain S** in ap- 
preciable quantities. The distribution of activity in 
such a preparation is illustrated in figure 4, which 
shows the radioautograph of a paper ionophoretogram, 
with heavy lines around the location of u-v quenching 
spots. It will be noted that three compounds con- 
taining labeled sulfur are present and at least two of 
them coincide with u-v quenching spots. One com- 
pound (designated No. 1), which migrates slightly 
ahead of ATP, has characteristics similar to those 
described (7, 17) for adenosine-3’-phospho-5’-phos- 
phosulfate (PAPS). The second compound (No. 2) 
has mobility characteristics similar to adenosine-5’- 
phosphosulfate (APS) but the low Keq for the for- 
mation of APS (18) makes it improbable that such a 
large amount of APS relative to PAPS would exist 
in the cell. There is a possibility that this might be 
a sulfite analogue of PAPS and efforts are being 
made to recover sufficient quantities to attempt its 
identification. The third compound (No. 3) is pres- 
ent in such small quantities that the only definite as- 
sertion which can be made is that it contains radio- 
active sulfur. The nucleosidic nature of the active 
sulfate in compound No. 1 is illustrated by the ultra- 
violet absorption spectrum of material eluted from 
this spot on an ionophoretogram. Figure 5 shows 
this spectrum from 230 to 340 mz together with that 
of ATP for comparison. In the absence of authentic 
samples or sufficient material for chemical identifica- 
tion, no other attempts have been made to character- 
ize these unknowns and they are referred to by num- 
ber as shown in figure 4. 

An indication of the amounts of sulfate which may 
be recovered from Chlorella in the form of nucleotide 
sulfate compounds by means of perchloric acid ex- 
traction and adsorption on charcoal followed by elu- 


tion and ionophoretic separation of the adsorbed com. 
pounds is given in table IV. Also shown is the effect 
of light and 10~* M DNP on the incorporation of 
labeled sulfate into these compounds. 

Where no treatment was given during uptake in 
light 2/3 of the nucleotide sulfate was found in com- 
pound No. 2, with most of the remainder in compound 
No. 1 and a small amount in the third material sepa- 
rated on the ionophoretograms. Comparison of these 
data with those of table III reveals a smaller effect 
of light on sulfate incorporated into these compounds 
than was found with total sulfate uptake. The effect 
of DNP on the formation of nucleotide sulfates in 
light is much greater than its effect on sulfate uptake, 
although in darkness the relative effect on total and 
nucleotide sulfate is about the same. 


The values given in table IV are not regarded as 
absolute measures of the amounts of these compounds 
existing in Chlorella cells. The isolation of nucleo- 
tide sulfates from intact cells is beset with many dif- 
ficulties due in part to the extremely labile nature of 
the compounds themselves and the probable existence 
in cell homogenates of sulfatases and other hydro- 
lytic enzymes for such compounds. Complete re- 
covery of these compounds from cell extracts is im- 
probable, and the presence of inorganic sulfate in the 
charcoal eluates in quantities greater than can be 
accounted for by adsorption of the ion to charcoal 
probably indicates that hydrolysis occurs at all steps 
during the processing. 


DIscUSSION 


The accumulation of cations by plant cells is usual- 
ly thought to be accompanied by entry of anions or 


TABLE IV. 


EFFECT OF LIGHT AND 2,4-DINITROPHENOL ON DISTRIBUTION 
OF SULFUR IN U-vV ABSORBING COMPOUNDS 
FROM CHLORELLA * 








SULFATE 
FROM 
SULFUR SULFUR SULFUR ETHANOL 
IN COM- IN COM- IN COM- EXTRACT 
POUND 1 PpouND2 pPpouND3 OF 
HEMOLES MUMOLES HMMOLES SIMILAR 
CELLS - 
ULLMOLES 


38,900 
eee 11,600 
1,040 170 9,530 


TREATMENT 
DURING 
UPTAKE 





Light 1,780 2,830 230 
Light, with 

10-4 M DNP 400 
Dark, in 10-2 M 

sucrose 920 
Dark, in 10-2 M 

sucrose with 


10-* M DNP 80 100 1,450 





*1 hour uptake in phosphate buffer. Compounds ex- 
tracted with perchloric acid and adsorbed on charcoal. 
Eluate from charcoal separated by ionophoresis. See 
text for details. 
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adjus: vent of anion concentration in the cell through 
metal c shifts resulting in additional organic acid 
production. In other views (9) anions are actively 
transported into the cell, while cations are passively 
accuriated as a result of the energy expended in 
anion respiration. Some workers (10) have adduced 
the existence of separate but parallel mechanisms for 
active transport of cations and anions. A basic as- 
sumption underlying these and other (4, 5, 7) hypo- 
theses of ion transport is that the anion does in fact 
exist within the cell in the ionic form behind a dif- 
fusion barrier, the initial passage of which is facili- 
tated by a metabolic mechanism possibly involving 
combination with a carrier substance, or that outward 
diffusion is in some way prevented by expenditure of 
metabolic energy. 

Since Schiff (12) has recently shown by indirect 
methods that active sulfate does occur in Chlorella, 
it was hoped to show by isolation and quantitative 
determination of nucleotide sulfate compounds that 
compounds of this type could play an important part 
in the accumulation of sulfate by Chlorella, either by 
providing non-diffusable sulfate compounds whose 
formation would account for sulfate accumulation and 
provide a pool for further metabolic conversion to 
reduced sulfur compounds, or by serving as carrier 
by means of which sulfate could be accumulated behind 
an impermeable membrane in the cell. Neither of 
these conjectures has been supported completely by 
the evidence obtained. 

As regards the first possibility, careful extrac- 
tion and separation procedures carried out in the cold 
have permitted the determination of quantities of 
active sulfate equivalent to not much more than 10 % 
of the sulfate which is obtained by hot ethanol extrac- 
tion. Although the amount of active sulfate actually 
present in the cell is probably greater than that re- 
covered, the fact that compounds such as PAPS tend 
to be adsorbed to proteins and removed during centri- 
fugation in alcoholic solution (Personal communica- 
tion, R. S. Bandurski, 1959) and thus would not 
contribute significantly to our ethanol extractable 
sulfate values is evidence that these compounds do 
not provide a mechanism for accumulation of sulfate 
in the quantities found in this work. 

The second possibility, that active sulfate might be 
the carrier complex for sulfate transport, is given 
little support by the considerable differences in the 
response to light and DNP shown by the two process- 
es of total sulfate uptake and incorporation into nu- 
cleotide sulfates. Total sulfate uptake is enhanced 
considerably more by light than is nucleotide sulfate 
formation, and sulfate uptake in light is much less 
sensitive to inhibition by DNP than it is in darkness. 
The effect of this uncoupling agent on nucleotide 
sulfate formation is relatively the same in both light 
and darkness. These differences suggest the possi- 
bility that sulfate accumulation by Chlorella is cap- 
able of utilizing energy supplied through either photo- 
synthetic or oxidative phosphorylation while nucleo- 
tide-S production is directly related to the supply of 


high energy phosphate with a requirement of ATP 
as substrate for both APS and PAPS formation (8) 
and appears to utilize primarily oxidative ATP. 
The photosynthetic phosphorylation or other light- 
activated process which supplies some of the energy 
for sulfate uptake appears more resistant to DNP 
than is the mechanism by which energy is supplied 
for uptake in darkness. This is in line with the sug- 
gestion that photosynthetic phosphorylation is cat- 
alyzed by a special enzyme system peculiar to green 
cells, and that it may be more resistant to DNP un- 
coupling than is oxidative phosphorylation (1). 
The failure of DNP effects on nucleotide sulfate for- 
mation to be altered by light may indicate that not 
only is this process independent of the accumulatory 
one, but also that it occurs at a different site, since 
photosynthetic ATP (or the DNP resistant energy 
supply) does not appear to be involved. One possi- 
bility for this is that nucleotide sulfate formation oc- 
curs only in the mitochondria while the active sulfate 
transport mechanism is located either at the cellular 
membranes or in the soluble portion of the protoplasm. 
Another mechanism for sulfate uptake may be 
postulated on the response of sulfate uptake by Chlor- 
ella in our studies to time and external sulfate con- 
centration. In both cases the effects are similar to 


those obtained for the uptake of various exogenous 
substrates by bacteria (2) under conditions which 
have led to the postulation of bacterial permeases, 
enzymes which make possible the accumulation of 
polar solutes in the protoplasm but behind a permeabil- 


ity barrier. This type of accumulation, which ap- 
parently occurs primarily in the protoplast, may be 
quite different from the usual process of ion accumu- 
lation by plants where the accumulated ions are usual- 
ly considered to be located in the vacuole. The effect 
of DNP on sulfate uptake by Chlorella is also con- 
sistent with a permease system for sulfate using 
energy supplied by some coupled energy-yielding re- 
action. The differential effects on nucleotide-sulfate 
production would indicate that these compounds are 
not directly concerned with either permeation or ac- 
cumulation by such a system. 

The isolation of nucleotide sulfates from Chlorella 
makes possible an explanation of the reported effect 
of selenate on Chlorella growth (12). Wilson and 
Bandurski (18) have shown that while selenate, sul- 
fite, chromate, molybdate and tungstate can serve as 
substrates for sulfurylase, the enzyme which catalyzes 
the formation of APS, stable adenylic acid-anhydrides 
are formed only with sulfate and selenate. A competi- 
tive interference with APS formation would prevent 
further transfer of activated sulfate and synthesis of 
essential reduced sulfur compounds. Where sulfate 
uptake has been estimated by total sulfur in the cell, 
a similar effect of selenate on APS formation might 
account for such observations as the competitive effect 
of selenate on sulfate uptake by roots (7) since inter- 
ference with the activation of sulfate would inhibit its 
further reduction and incorporation into other cell 
constituents. * 
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SUMMARY 


The uptake and active accumulation of sulfate by 
Chlorella pyrenoidosa has been studied with the aid 
of radioactive sulfate in combination with chroma- 
tography and ionophoresis of materials extracted from 
the cells. 

The effect of both time and external sulfate con- 
centration on recovery of SOF from ethanol extracts 
indicate that accumulation of sulfate by the cell in 
concentrations exceeding those in the external solu- 
tion is metabolic in nature. 

Provision of light during the uptake period en- 
hances the accumulation of sulfate by Chlorella, and 
simultaneous exposure to 2,4-dinitrophenol during up- 
take causes a reduction in both SOF and total sulfur 
in the cell. The effect of DNP is greater in cells 
provided with exogenous sucrose taking up sulfate 
in darkness than in normal cells given illumination 
during uptake. 

Perchloric acid extraction at low temperatures 
and adsorption of nucleotide sulfate compounds on 
charcoal makes possible separation of two and perhaps 
three compounds which contain radioactive sulfur 
and also absorb ultra-violet light. Quantitative de- 
terminations of these compounds show that as much 
as 10 % of the total sulfur taken up by Chlorella in a 
one hour exposure to sulfate can be accounted for in 
these materials. 

Light is less important for formation of nucleotide 


sulfate compounds than for total uptake of sulfate 
and the effect of DNP on incorporation of labeled 
sulfate into these compounds in both light and dark- 


ness is relatively the same. These differences indi- 
cate that it is unlikely that these compounds are re- 
sponsible for sulfate accumulation by Chlorella. 


LITERATURE CITED 


1. Arnon, D. E. Phosphorus metabolism and photo- 
synthesis. Ann. Rev. Plant Physiol. 7: 325-354. 
1956. 

2. Conen, G. N. and Monon, J. Bacterial Permeases. 
Bacteriol. Rev. 21: 169-194. 1957. 

¢3.\\ Hurveert, R. B. Preparation of nucleoside diphos- 
phates and triphosphates. In: Methods in Enzy- 
mology Vol. 3 Pp. 785-805. Academic Press, 
New York 1957. 


4. 
§. 


Kyun, A. The apparent free space of Valli. .erig 
leaves. Physiol. Plantarum 10: 732-740. 157, 
Kyun, A. and Hyitmo, B. Uptake and transpx rt of 
sulfate in wheat, active and passive compo: ents, 

Physiol. Plantarum 10: 467-484. 1957. 

Latiss, G. G. The nature of the respiratory re in 
slices of Chicory root. Arch. Biochem. Bio»hys, 
79: 364-377. 1959. 

Leccett, J. E. and Epstern, E. Kinetics of si:lfate 
absorption by barley roots. Plant Physiol. 31: 
222-226. 1956. 

LipMANN, F. Biological sulfate activation and 
transfer. Science 128: 575-580. 1958. 

LuNDEGARDH, H. Mechanisms of absorption, trans- 
port, accumulation and secretion of ions. Ann. 
Rev. Plant Physiol. 6: 1-24. 1955. 

Orptn, L. and Jacosson, L. Inhibition of ion ab- 
sorption and respiration in barley roots. Plant 
Physiol. 30: 21-27. 1955. 

Rosertson, R. N., WILkns, M. J. and Weeks, D.C. 
Studies in the metabolism of plant cells. IX. The 
effects of dinitrophenol on salt accumulation and 
salt respiration. Australian Jour. Sci. Research 
4: 248-264. 1951. 

Scuirr, J. A. Studies on sulfate utilization by 
Chlorella pyrenoidosa using sulfate-S35: The oc- 
currence of S-adenosyl methionine. Plant Physiol, 
34: 73-80. 1959. 

SCHLENK, F. and Situ, R. J. The mechanisms of 
adenine thiomethylriboside formation. Jour. Biol. 
Chem. 204: 27-34. 1953. 

Surirt, A. Sulfur-selenium antagonism. I. Anti- 
metabolite action of selenate on the growth of 
Chlorella vulgaris. Amer. Jour. Bot. 41: 223-230. 
1954. 

Tuomas, M. D. Assimilation of sulfur and physiol- 
ogy of essential S-compounds. Encyclopedia of 
Plant Physiology. 9: 37-63. Springer-Verlag, 
Berlin 1958. 

Wepoinc, R. T., Erickson, L. C. and Brack, M. K. 
Influence of 2,4-dichlorophenoxyacetic acid on sol- 
ute uptake by Chlorella. Plant Physiol. 34: 3-10. 
1959. 

Witson, L. G. and Banpursk1, R. S. Enzymatic 
reduction of sulfate. Jour. Amer. Chem. Soc. 80: 
5576. 1958. 

Witson, L. G. and BAnpursk1, R. S. Enzymatic 
reactions involving sulfate, sulfite, selenate and 
molybdate. Jour. Biol. Chem. 233: 975-981. 
1958. 


phor 
grow 
treat 
Marl 
stem 
s 
meta 
phos 
been 
acti 
plan 
hydt 
peti« 
but 
to ¢ 
bere 
and 


effe 
of p 
It v 
cau 
of | 





PHOS:’'HORUS METABOLISM OF TRIFOLIUM HIRTUM ALL. AS AFFECTED BY 
24-DICHLOROPHENOXYACETIC ACID AND GIBBERELLIC ACID? 
DOUGLAS P. ORMROD 2 anp WILLIAM A. WILLIAMS 

DEPARTMENT OF AGRONOMY, UNIVERSITY OF CALIFORNIA, DAvis, CALIFORNIA 


It has been suggested by several investigators (3, 
13, 17) that an important site of action of 2,4-dichloro- 
phenoxyacetic acid (2,4-D) might lie in phosphorus 
metabolism. In early studies of phosphorus in 2,4- 
D-treated and untreated bean plants (12), inorganic 
phosphorus was observed to be generally higher in 
treated plants. In experiments with sunflower plants 
(2) an increase in relative weight of inorganic phos- 
phorus and a decrease in other fractions were observed 
when aerial parts were sprayed with 2,4-D. Where 
2,4-D was applied to the soil there was a decrease in 
weight of acid soluble phosphorus, including inor- 
ganic phosphorus, and a simultaneous increase in 
nucleo-proteins. In the leaves of young cranberry 
bean plants treated with 2,4-D (14), acid soluble, 
alcohol soluble and nucleic acid phosphorus were 
lowered somewhat in the leaves, but nucleic acid phos- 
phorus was doubled in the stems. In studies of phos- 
phorus uptake by bean plants (6), leaves of plants 
grown in solution culture containing P*%? after 2,4-D 
treatment picked up less phosphorus than the controls. 
Marked differences were shown between leaves and 


stems in regard to phosphorus uptake and distribution. 

Studies of the effect of gibberellic acid on plant 
metabolism have been scanty (15), and its effect on 
phosphorus metabolism has not been reported. It has 
been demonstrated (18), however, that phosphatase 
activity is increased in the leaves and stems of bean 


plants by gibberellic acid treatment. Total carbo- 
hydrates have been observed to increase in stems and 
petioles of gibberellic acid-treated cotton plants (5), 
but the highest rate used in the study was inhibitory 
to growth. The growth promoting levels of gib- 
berellic acid caused much more change in the petioles 
and stems than in the leaves. 

This paper presents the results of a study of the 
effect of 2,4-D and gibberellic acid on certain aspects 
of phosphorus metabolism in young rose clover plants. 
It will be shown that both 2,4-D and gibberellic acid 
cause rapid and marked changes in the proportions 
of phosphorylated constituents in the plants and that 
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both chemicals have an optimum concentration range 
for the stimulation of synthesis of phosphorylated 
organic compounds. 


MATERIALS AND METHODS 


Seed of rose clover (Trifolium hirtum All.) was 
planted in the greenhouse in 5 inch pots containing a 
standard greenhouse mix soil (4 parts loam, 1 part 
peat moss, 1 part sand by volume). The pots were 
subirrigated with approximately one-half concentra- 
tion of Hoagland’s nutrient solution No. 1 (10). At 
21 days the clover plants were thinned to 10 plants 
per pot, and moved to a controlled environment 
chamber with the following uniform conditions: tem- 
perature, 68 + 1° F day and night; light, 1,000 ft-c 
provided by combined incandescent and fluorescent 
bulbs; daylength, 16 hours. 

2,4-D in the pure acid form was purchased from 
Eastman Chemical Company and an experimental 
sample of gibberellic acid was supplied by Eli Lilly 
and Company. For each growth regulator 3 con- 
centrations, 25 ug/ml, 250 “g/ml, and 2,500 ug/ml,. 
were made up in 20 % ethyl alcohol solution. Exact- 
ly 2.0 ml spray volume per pot was used, and thus, 
the average amounts of growth regulator applied 
per plant were 5, 50 and 500 ug. 

The plants were treated with growth regulators 
after 10 days in the controlled environment chamber. 
At this time the plants were in a juvenile rosette form. 
Average number of leaves per plant was 12, and 
average length of petioles was 2.5 inches. Stems 
were 0.25 to 0.5 inches long. Each pot was sprayed 
separately by means of a small atomizer connected 
to a constant low air pressure. A total of 6 pots 
was sprayed with each chemical concentration. Care 
was taken to spray a fine layer of droplets over the 
entire presented leaf surface. Since the leaves of 
the plants in a pot formed almost a complete canopy, 
only a small part of the spray material passed by the 
leaf blades to be intercepted by the petioles and stems 
or soil. Six pots were sprayed with 20 % ethanol 
and 6 pots were left unsprayed. In subsequent 
analyses no differences were detected between plants 
sprayed with the solvent or not sprayed. Consequent- 
ly, the results for plants sprayed with solvent are re- 
ported as checks. 

Harvests were made at the following times after 
treatment: 1 minute, 15 minutes, 4 hours, 24 hours 
and 7 days. At each harvest time two plants from | 
each pot were cut off at the soil surface. Each leaf 
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blade was cut from the petiole at the base of the leaf- 
lets and placed in a vial. The petiole and stem ma- 
terials were placed in a separate vial. Four plant 
parts, 2 from each of 2 pots treated similarly, were 
bulked together in each vial, to give a total of 3 vials 
of leaf (less petiole) material and 3 vials of petiole 
and stem material for each treatment. These were 
designated as replicates 1, 2 and 3 for laboratory 
analysis. The vials were stoppered and placed in an 
insulated box containing dry ice. The plant material 
was thus solidly frozen within four minutes of harvest. 
Since there was this time period between separation 
of the tops of the plants from the roots and freezing, 
the harvest times designated as: 1 minute was actual- 
ly >1 and <5 minutes; 15 minutes was >15 and 
<19 minutes; 4 hours was >240 and <244 minutes ; 
etc. Check plants were also harvested at these times 
after treatment. No marked differences were de- 
tected between these check plants. 

The phosphorylated constituents in the plant ma- 
terial were fractionated by the method of Klein (11). 
One gram aliquots of fresh frozen plant tissue were 
used. Fractionations of phosphorylated compounds 
were made into inorganic phosphorus, trichloroacetic 
acid soluble phosphorus, lipid phosphorus, nucleic acid 
phosphorus and protein phosphorus. Preliminary 
experiments indicated that little or no metaphosphate 
existed in the clover plants. The inorganic fraction 
was thus essentially orthophosphate. The nucleic 


acid phosphorus fraction was not fractionated further. 
Each fraction was wet ashed and the phosphorus con- 


tent was determined by a modification of the method 
of Fiske and Subbarow (7). Color densities were 
read in a Klett photoelectric colorimeter with number 
66 red filter. Calculation of concentrations of phos- 
phorus was made by comparison with duplicate stand- 
ards run with each group. 

The amounts of phosphorus in each of the frac- 
tions, as determined on a fresh weight basis by the 
wet ashing and color development procedure, were 
totalled and each expressed as a percentage of the to- 
tal. Statistical significance of the data was deter- 
mined by analysis of variance methods. 

The percent dry matter of the tissue was deter- 
mined by means of drying aliquots from each treat- 
ment in a ventilated oven for 24 hours at 65° C. 
These dried samples were wet ashed and total phos- 
phorus was determined directly. The total phos- 
phorus level as determined by this method was com- 
pared with the phosphorus level obtained by adding 
together the five phosphorus fractions. 


RESULTS 


VisIBLE EFFECTS OF TREATMENTS: All plants 
treated with 2,4-D were wilted within the first day 
after treatment with the most wilting occurring at the 
highest rate (500 ug 2,4-D per plant). By the 
seventh day after treatment epinasty of petioles and 
prostrating of plants was evident at all rates. The 
severity of these symptoms increased as the rate of 
2,4-D applied was increased. At the highest rate 


some necrosis was evident, particularly on th leaf 
margins. The underside of some leaves was r:dden. 
ed, with the effect concentrated on the margin-. At 
the time of the 7 day harvest the petioles of sewly 
developing leaves were markedly swollen on plants 
treated with the lower rates of 2,4-D. No new ‘eaves 
developed after application of the 500 wg rate Aj. 
though growth had been markedly inhibited at this 
rate, it was apparent that an even higher rate ‘vould 
have been necessary in order to kill the plants. 

Plants treated with gibberellic acid showed no 
particular visible effects at any rate within the first 
day with the exception that the petioles became more 
nearly vertical on treated plants than on check piants, 
By 7 days there was a marked elongation of petioles 
and stems at all rates. The plants treated with 
and 500 ug elongated similarly to about twice the 
length of the check plants. The 5 ug rate also pro- 
duced elongation, but it was not as marked as that 
at the higher rates. 


CHANGES IN PHOSPHORUS FRACTIONS IN 2,4-D- 
TREATED PLANTs: The proportions of total acid solu- 
ble phosphorus, acid soluble organic phosphorus (i.e, 
soluble in ice cold 5 % trichloracetic acid), inorganic 
phosphorus and nucleic acid phosphorus as affected by 
rates of 2,4-D treatment and dates of harvest are repre- 
sented graphically in figures 1 and 2. At the lowest 
concentration of 2,4-D there was a slight decrease in 
soluble organic and an increase in inorganic phos- 
phorus in the leaves with a return to normal by the 
time of the 7 day harvest (fig 1). The effects of 
2,4-D at the 50 ug level were much more pronounced 
and highly significant. At this concentration the 
2,4-D greatly stimulated the formation of soluble or- 
ganic phosphorylated compounds from the inorganic 
phosphorus available in the plant. The increased 
level of soluble organic phosphorus, and decreased 
level of inorganic phosphorus persisted until after 
the 7 day harvest time. At the 500 ag rate it is 
evident that the concentration of 2,4-D present in the 
leaves was above the optimum for soluble organic 
phosphorus synthesis, and synthesis was inhibited. 
Only at the 7 day harvest was a high level of soluble 
organic phosphorus shown. It appears that more 
than one day is required for the concentration of 
active 2,4-D in the leaves to be depleted enough to 
allow increased synthesis of phosphorylated organic 
compounds. Such an assumption is in accord with 
findings that 2,4-D rapidly disappears in vivo as 
measured by extraction and bioassay for 2,4-D (9). 
Thus, there is a minimum level of 2,4-D in the leaves 
below which no increase in soluble organic phosphor- 
us can be detected. Concentrations above an upper 
limit apparently cause a negation of the stimulation 
of the synthesis reactions with resultant maintenance 
of an apparently normal balance of phosphorus frac- 
tions in the leaves. It is suggested that it is above 
this upper limit that the herbicidal action of 2,4-D 
begins, while within the optimum range the action of 
2,4-D is a stimulatory one, at least on the synthesis 
of phosphorylated compounds. 
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The increases and decreases in nucleic acid phos- 
phorus occurring in the three treatments were gen- 
erally matched by concurrent but inverse changes in 
the prop. irtions of total acid soluble phosphorus in the 
leaves. The inverse variation would be expected since 
nucleic acids are probably synthesized from compo- 
nents of the total soluble fraction and in turn degrade 
into them. The lowest rate of 2,4-D appears to have 
caused a slight increase in the nucleic acid phosphorus 
with a concurrent decrease in total soluble phosphorus. 
The decrease in nucleic acid phosphorus at the 50 ug 
rate was matched by an increase in total soluble 
phosphorus. This was also shown, but to a lesser 
degree, at the 500 ug rate. It appears that a very 
low level of 2,4-D caused a slight stimulation of nucleic 
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acid production while a rate which stimulated soluble 
organic phosphorus production inhibited nucleic acid 
formation. The effect was not as direct as the effect 
on the inorganic-soluble organic balance since it was 
not shown until several hours after treatment. 

There was a striking difference between the re- 
sponse of petioles and stems (fig 2) and the response 
of leaves. A rapid increase in soluble organic phos- 
phorus was shown in the petioles and stems at the 
lowest rate of 2,4-D, 5 ug per plant. This indicates 
either that the petioles and stems were much more 
sensitive to the action of 2,4-D or that relatively more 
2,4-D reached the petiole and stem tissues than en- 
tered the cellular mass of the leaf. 

While the 5 vg rate of 2,4-D shifted the balance 
between soluble organic and inorganic phosphorus far 
in the direction of the soluble organic forms, the 
50 eg rate showed a more erratic pattern. There 
was a rapid increase in soluble organic phosphorus 
which apparently corresponded to the arrival of the 
first 2,4-D. A significant reduction in the soluble 
organic phosphorus occurred by the time of the 15- 
minute harvest. It may be postulated that this cor- 
responded to the development of an above optimal con- 
centration of 2,4-D due to translocation from the 
leaves. By one day after treatment a high level of 
soluble organic phosphorus was regained since by 
this time, it may be predicated, very little further 
translocation of 2,4-D from leaves was occurring, and 
degradation and inactivation processes would have 
reduced the 2,4-D level to the optimum range for 
stimulation of organic synthesis. ' 

At the highest rate of 2,4-D a definite inhibition 
of organic synthesis and even degradation of soluble 
organic compounds to inorganic phosphorus occurred. 
There was a marked increase in the proportion of 
inorganic to soluble organic phosphorus in petioles 
and stems of plants treated at this rate. Also evident 
at this rate was a slight increase in nucleic acid phos- 
phorus. Although differences in total soluble phos- 
phorus between the rates were not significant, the 
small differences that were shown were generally in- 
versely proportional to the change in the nucleic acid 
fraction. While the higher rates caused a decrease 
in percent nucleic acid phosphorus in the leaves, the 
highest rate caused an increase in this fraction in the 
petioles and stems. 

Comparison of these results with those of previous 
investigators would suggest that some of the previous 
work was done with 2,4-D concentration ranges at 
or above the upper level used in these experiments. 
For instance, a marked increase in nucleic acid phos- 
phorus in the stems of treated plants was shown by 
Rebstock, et al (14). This was paralleled only at 
the highest rate in the present experiments, and the 
lowest rate of 2,4-D caused a slight decrease in nucleic 
acid phosphorus. Loustalot, et al (12) and Berezov- 
sky and Kurachina (2) found marked increases in 
inorganic phosphorus after 2,4-D treatment, but in- 
creases were found in this case only in the petioles 
and stems of plants treated at the highest 2,4-D rate. 


\ 
\ 
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The only difference of note between treatments in 
regard to lipid phosphorus was in the leaves treated 
with the 50 ug rate. The percent lipid phosphorus 
fell from a level of 5.6 % in the check plants to an 
average for all times of harvest of 2.4 % in treated 
plants. This was associated with the pronounced 
effect of this rate of application on the soluble organic- 
inorganic phosphorus balance in the leaves. This 
effect was also slightly evident in the petioles and 
stems, but the difference was not statistically signifi- 
cant. The optimum range of 2,4-D causing organic 
phosphorus synthesis apparently also stimulated the 
conversion or degradation of lipid substances in the 
plant. 

Levels of protein-bound phosphorus in the check 
were 7.2 % in the leaves and 7.1 % in the petioles 
and stems. 2,4-D treatments did not significantly 
affect the proportion of this fraction in either case. 
This is probably due to the non-labile nature of protein 
structure. A harvest after a longer interval than 


7 days might have detected changes in this fraction. 

In order to allow evaluation of whether the frac- 
tionation procedure recovered all the phosphorus in 
the plants, the values obtained by totalling the amounts 
of phosphorus in each of the 5 fractions were com- 
pared with total phosphorus values obtained by direct 


TABLE I. 


STATISTICAL SIGNIFICANCE OF DIFFERENCES AMONG 
TREATMENTS AND LEAST SIGNIFICANT DIFFER- 
ENCES BETWEEN MEANS WHERE 
SIGNIFICANCE Occurs 








LSD LSD 
(5%) (5%) 
CHECK VS BETWEEN 
TREATED TREATED 
Times RATES % % 


PHOSPHORUS 
FRACTION 





2,4-D-treated leaves 
Total acid soluble > 5 &. 
Acid soluble organic * i BS: 
Inorganic NS*** 14. 
Nucleic acid NS 7. 
Lipid NS 2 
Protein-bound NS 


2,4-D-treated petioles 
and stems 
Total acid soluble 
Acid soluble organic 
Inorganic 
Nucleic acid 
Lipid 
Protein-bound 
Gibberellic acid- 
treated petioles and 
stems 
Total acid soluble * NS 
Acid soluble organic NS ** 
Inorganic NS ** 
Nucleic acid NS NS 
Lipid NS NS 
Protein-bound NS NS 


NS 
NS 
NS 
NS 
NS 
NS 





* Differences significant at 5 % level. 
** Differences significant at 1 % level. 
***NS. Differences not significant at 5 % level. 


determination. Average recovery by summation wa 
96 % of total phosphorus obtained directly. | Correla. 
tion of the two methods was significant ely 
level. 

Since these data were base on green we:ght oj 
plant tissue, it appeared desirable to compare thie total 
phosphorus values with the percent dry matter of the 
tissue to see if differences between total phosphory 
were the result of the effect of the treatment op 
transpiration and water uptake rates or due to differ. 
ences in phosphorus uptake. Such a comparison was 
possible in the case of the samples used for direct 
phosphorus determination since percent dry matter 
was determined before analysis of these samples, 
The correlation between percent dry matter and total 
phosphorus determined on a green weight basis was 
significant at the 1 % level. It may be deduced then 
that variations between treatments, which occurred 
particularly at the early harvest time, were due to 
variations in the turgidity of the plant tissue caused 
by the treatments, and not due to differences in phos- 
phorus uptake. 

Rapid changes in percent dry matter of the treated 
tissue were found. The results for the 1 minute har- 
vest indicated the possibility that a movement of water 
from leaves to petioles and stems may have occurred, 
particularly after treatment at the higher rates. 


CHANGES IN PHOSPHORUS FRACTIONS IN GIB- 
BERELLIC AcID TREATED PLANTS: Preliminary analy- 
ses of treated leaves indicated that the effect of gib- 
berellic acid on the relative proportions of phosphorus 
fractions was very small. Complete analyses on the 
leaves were performed only on plants treated with the 
500 ug rate of gibberellic acid. There were sig- 
nificant differences between the times of harvest only 
in the lipid phosphorus fraction which decreased from 
a level of 7.6 % at the 1 minute harvest to 4.5 % 
at the 15 minute harvest. The lack of effect in all 
other fractions is associated with the lack of any 
apparent morphological effect of gibberellic acid on 
the clover leaves. 

In contrast, striking effects occurred on the phos- 
phorus fractions and morphology of the petioles and 
stems. This is in agreement with work on the cotton 
plant which shows that much greater biochemical 
and morphological change occurs in the petioles and 
stems than in the leaves (5). The proportions of 
total acid soluble phosphorus, acid soluble organic 
phosphorus, inorganic phosphorus and nucleic acid 
phosphorus in the petioles and stems of plants treated 
with gibberellic acid are shown in figure 3. It is 
evident that the lowest level of gibberellic acid caused 
an early increase in soluble organic phosphorus with 
a concurrent decrease in inorganic phosphorus. The 
sharp decrease in soluble organic phosphorus at the 
one day harvest is difficult to explain but a return 
to normal at 7 days is evident. At this application 
rate there was a slight drop off in total soluble phos- 
phorus which is particularly evident at the final 
harvest. 
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Fic. 3. Changes in some phosphorus fractions in 

petioles and stems of plants treated with gibberellic acid. 


The most marked change occurred in the petioles 
and stems of plants treated at the 50 ug rate. Here 
a high level of soluble organie-phosphorus and a low 
level of inorganic phosphorus was sustained for a 
day or more and then there was a return to normal. 
At this rate there was a marked decrease in the total 
soluble phosphorus fraction which corresponded, at 
least in part, to an increase in nucleic acid phosphorus. 
In a similar fashion to the results shown for 2,4-D it 
appears that there is an optimum range of concentra- 
tion of gibberellic acid which promotes the synthesis 
of phosphorylated compounds. The results indicate 
that the 50 ug rate falls within this range. 

At first glance the results for the 500 ug rate ap- 
pear erratic, but they can be explained by the hypothe- 
sis of an optimum range of activity. Immediately 
after treatment there was a degradation effect on the 
soluble organic fraction causing this fraction to de- 
crease. After a few minutes, however, this trend 
was reversed:and there was a return to an approxi- 
mately normal level by four hours after treatment. 
After this time, the later times of harvest did not show 
any striking increase in soluble organic phosphorus. 
Both of the lower rates indicated that the promotive 
effect of gibberellic acid on organic phosphorylated 
compound synthesis had dissipated in a day or less. 
It is conceivable then, that an increase in soluble or- 
ganic phosphorus may have occurred between the last 
two harvest times at the 500 ug rate. That is, the 
harvest times were not close enough together to detect 
this change. The morphological responses also bear 
out this theory. The 50 and 500 wg rates showed a 
striking growth response of about equal magnitude 
while the 5 #g rate showed less response. At least 
in the 5 and 50 ug rates and probably in the 500 ug 
rate this effect was directly related to the amount of 
stimulation of synthesis of soluble organic phos- 
phorylated compounds. 


An inhibitory effect of a high level of gibberellic 
acid was also found in experiments with cotton by 
Ergle (5). The inhibition in his experiments was 
not overcome because he reapplied gibberellic acid 
every 2 days throughout the treatment period. He 
also found increases in total carbohydrates after treat- 
ment with lower levels of gibberellic acid. This 
would be paralleled by an increased organic combina- 
tion of phosphorus in synthesis reactions as indicated 
by the present experiments. 

The behavior of the phosphorus fractions in 500 
ug treated plants can perhaps be explained as follows: 
The high level of gibberellic acid inhibited organic 
phosphorylated compound synthesis until inactivation 
and degradation had reduced the level to the stimula- 
tory range. Then increased synthesis occurred re- 
sulting finally in the growth response of the plants. 
Since the stimulatory effect of gibberellic acid on or- 
ganic phosphorus synthesis lasts for only a few hours 
to a day, and the growth response to gibberellic acid 
requires several days for maximum development, the 
relationship between these two factors must be com- 
plex. One hypothesis would be that the gibberellic 
acid causes a super-charged effect in the plant, and 
although the direct effect on certain metabolic path- 
ways lasts for only a short while, a reserve of growth 
material is built up which takes much longer to be 
entirely dissipated by morphological changes. 

There were no significant differences between 
gibberellic acid treatments in their effect on the lipid 
phosphorus and protein phosphorus fractions. Any 
small effects may have been masked in the consider- 
able variability found in these two fractions. 

Total phosphorus, as obtained by totalling the 5 
phosphorus fractions, was lower in the petioles and 
stems of the 500 “g treatment than the other 2 rates 
at all times of harvest. Total phosphorus in the 50 eg 
rate treated petioles and stems was lower than those 
in the 5 ug rate at all but the first time of harvest, but 
not significantly so. Agreement of these totals with 
total phosphorus determined directly was excellent 
at the 5 ug rate but there was less correspondence at 
the other two rates. Average recovery of total phos- 
phorus by totalling the 5 fractions was 90 %. 

To give some indication as to whether the differ- 
ences in total phosphorus were due to differences in 
water content of the tissue, percent dry matter data 
were obtained. The data indicated that at least part 
of the differences in total phosphorus between rates 
may be accounted for on the basis of differences in 
percent dry matter of the tissue. It appears that as 
the rate of gibberellic acid increased, the turgidity of 
the tissue increased somewhat. When percent total 
phosphorus on a dry weight basis was calculated, all 
treatments and harvests, except the 7 day harvest, 
were similar. The lower percentage for all rates at 
7 days is indicative of the fact that the increased 
growth and dry matter accumulation of the plants due 
to gibberellic acid treatment was not paralleled by 
an increase in the rate of uptake of phosphorus from 
the soil. 
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DIscussIoNn 


2,4-D and gibberellic acid caused similar patterns 
of effect on phosphorus metabolism as measured by 
the methods used in these experiments, hence, there 
must be differences between the two in their effect on 
other metabolic pathways accounting for the markedly 
different morphological responses. A promising 
avenue of additional research was a detailed study 
of the soluble fractions of phosphorus in both 2,4-D 
and gibberellic acid-treated plants. Such a study was 
attempted by means of paper chromatography without 
success in the present experiments. While methods 
tried (1, 8) gave good separations of several known 
compounds, they did not satisfactorily separate the 
wide spectrum of phosphorylated compounds present 
in green plant tissue. 

Without indications as to changes in the propor- 
tions of phosphorylated compounds in treated plants 
it is difficult to suggest where the 2,4-D and gibberel- 
lic acid are acting on phosphorus metabolism, since 
phosphorus appears in a very large number of places 
in the entire metabolism of the plant. The results 
of the present experiments leave little doubt, how- 
ever, that the action of these growth regulators is 
very closely related to phosphorus metabolism, since 
there were such marked changes in phosphorus frac- 
tions at optimum concentration levels of each chemical. 

It would appear that these growth regulators may 
strongly affect the enzyme matrix with resultant im- 
mediate effects on phosphorylating enzymes. If some 


enzymatic activities were markedly stimulated or in- 


hibited, striking changes would be expected in the 
normal sequence of metabolic events. One such en- 
zymatic activity in which phosphorus is actively in- 
volved is that of energy production and utilization 
in the plant by means of the adenylate system. It has 
been shown (4, 16) that 2,4-D may have marked 
effects on oxidative phosphorylation which is a part 
of this system. 

Another enzymatically controlled system which 
is known to be generally effected by both 2,4-D and 
gibberellic acid is that of carbohydrate metabolism 
(15, 19). Phosphorus and phosphorylation reactions 
are intimately associated with the pathways involved 
in carbohydrate synthesis and degradation. It is 
possible then that these growth regulators could 
markedly alter the patterns of carbohydrate metabo- 
lism and phosphorus utilization by acting on some 
specific enzymic components of this system. 

While the site of action of these growth regula- 
tors could not be shown by these experiments, the 
results did indicate several important features of the 
2,4-D and gibberellic acid-phosphorus interaction 
systems, and pointed the way to the use of several re- 
finements in technique in further research on this 
problem. The rapid action of these growth regula- 
tors has indicated that plants should be harvested soon 
after treatment to observe their immediate effects. 
This is even more critical for gibberellic acid than 
for 2,4-D since the effect of gibberellic acid on phos- 
phorus metabolism appears to dissipate within a day 


or two after treatment. The seemingly conf?icting 
results found in previously reported experiment: have 
probably been caused by numerous secondary «fects 
which occurred in the time between treatmen: and 
harvest. The importance of using optimal conc« ntra- 
tions of growth regulator in future studies has also 
been shown by the present experiments. It is obvi- 
ous that the type of experimentation of the past, in 
which single rates of 2,4-D or gibberellic acid and 
long periods between treatment and harvest were used, 
must be abandoned if detailed patterns of metabolic 
action of such growth regulators as 2,4-D and gib- 
berellic acid are to be found. 


SUMMARY 


Fifty ug of 2,4-D or gibberellic acid per plant ap- 
plied as a spray caused a striking increase in acid 
soluble organic phosphorus and a concurrent decrease 
in inorganic phosphorus as quickly as one minute 
after treatment. Petioles and stems showed this effect 
for both regulators, while leaves showed it after 
2,4-D, but not after gibberellic acid treatment. Five 
4g per plant caused this effect only in petioles and 
stems of plants treated with either regulator. In 
leaves of plants treated with 500 ug 2,4-D, there was 
a definite time lapse before increases in acid soluble 
organic phosphorus were shown, while in petioles 
and stems this rate caused a reduction in this fraction. 
The data leave little doubt that the action of these 
growth regulators is closely related to phosphorus 
metabolism. 
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INTRODUCTION 


It is established that auxin, indoleacetic acid, in- 
creases the rate of cell elongation in Avena coleoptile 
by causing the cell walls to become more easily 


stretched, more plastic. This was first demonstrated 
by Heyn (16), who showed that coleoptiles treated 
with auxin were more readily stretched by an ap- 
plied weight than coleoptiles not so treated. Heyn’s 
observation has been confirmed and extended by 
Tagawa and Bonner (33). 

Osmotic analysis of coleoptile growth (22, 27) 
also leads to the conclusion that auxin affects cell 
wall properties. Application of auxin to coleoptile 
sections decreases wall pressure but does not directly 
affect osmotic concentration in the tissue. The in- 
fluence of auxin in decreasing cell wall resistance 
to expansion may in fact be separated in time from 
the act of expansion itself (13). In a 2-stage experi- 


1 Received May 4, 1959. 

2 Work conducted under a cooperative agreement at 
the California Institute of Technology. 

8A laboratory of the Western Utilization Research 
and Development Division, Agricultural Research Service, 
U. S. Department of Agriculture. 


ment, auxin was allowed to act upon sections which 
were prevented from expanding by immersion in a 
solution isosmotic with the cell contents. The sec- 
tions were then transferred to water under anaerobic 
conditions in which auxin is ineffective. Sections 
pretreated in auxin expanded more in the second an- 
aerobic stage in water than did untreated sections. 
The effect of auxin in increasing deformability of 
the coleoptile under external mechanical load also has 
been demonstrated with sections incubated under 
isosmotic conditions (12). Thus auxin affects cell 
wall plasticity whether or not the cell actually takes 
up water and grows. 

Since auxin affects cell wall properties, the next 
question is how does it do so? The effect requires 
participation of metabolism, since, as indicated above, 
auxin works neither under anaerobic conditions (3) 
nor in the presence of inhibitors such as HCN. Some 
aspect of the auxin effect occurs in the cytoplasm, 
since plasmolized cells, in which wall and cytoplasm 
are not in contact, do not exhibit wall softening under 
the influence of auxin (12). 

It is debatable whether the net synthesis of cell 
wall components is increased or not in the presence 
of auxin. It is clear that coleoptile cell wall synthesis 
normally keeps pace with cell expansion in growing 
seedlings of oat (4) and corn (38). The same is 
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true of excised oat coleoptile sections growing at 
25° C. (4) ; of pea epicotyl sections (10) ; of excised 
tobacco pith in tissue culture (37), and of excised po- 
tato tuber discs (9, 36). All these tissues require 
added auxin to grow and, in all of them, auxin-induced 
growth is accompanied by a parallel net increase in 
cell wall substances. It does not appear, however, 
that there is any direct and obligatory coupling be- 
tween the two processes. Thus, net cell wall syn- 
thesis of oat coleoptile sections is suppressed at 4° C., 
although auxin-induced growth proceeds at this tem- 
perature (4). In wheat roots, also, auxin-induced 
changes in growth rate are not paralleled by changes 
in rate of cell wall synthesis (8). That auxin does 
not directly increase net cell wall synthesis is, how- 
ever, most clearly evident from experiments in which 
incorporation of C1*-labeled sugars into cell wall ma- 
terials has been followed for brief (3 hr) time periods 
(7, 28, 29, 30). In general, such incorporation is 
unaffected or even slightly decreased by the presence 
of auxin. 

The growing primary cell wall consists of a mix- 
ture of polysaccharide and polyuronide components 
which are in general poorly defined. Earlier deter- 
minations of coleoptile cell wall composition by Thi- 
mann and Bonner (34), Wirth (38), and Nakamura 
and Hess (26) agree in suggesting that a-cellulose 
makes up 25 to 40 % of the cell wall dry weight, pec- 
tic materials 8 to 12%, and waxes, probably located 
in the cuticle, 10 to 20%. The rest of the wall ma- 
terial is non-cellulosic polysaccharides. These are, 
at best, rough estimates based solely on solubility 
properties of the wall materials. 

Thus far, chemical changes associated with auxin 
action have been found only in pectic fraction of the 
oat coleoptile wall. The methyl ester group of pectin 
is known to be derived, in part at least, from the 
methyl group of methionine (29, 32). Rate of in- 
corporation of the methyl carbon of methionine into 
the hot-water-soluble pectin of the cell wall is in- 
creased in the presence of auxin (29,30). This effect 
of auxin consists of one which annears rapidly and is 
inhibited by antiauxins, high auxin concentrations, 
and ethionine. In all of these respects, the response 
is similar to the influence of auxin on cell wall 
plasticity. 

The purpose of the present paper is to study in 
quantitative detail the auxin-induced chemical changes 
in pectic and other components of the cell walls of 
oat coleoptiles. It will be shown that auxin increases 
rate of formation of the methyl groups of cell wall 
pectin without detectably changing the degree to which 
the pectin is esterified. Auxin treatment of coleop- 
tiles does not, however, appear to bring about major 
changes in total content of pectic material such as 
have been reported for tobacco pith (37) and for 
potato tuber tissue (9). It will also be shown that 
auxin increases the rate of formation (or turnover) 
of the methyl ester groups of the pectic material not 
directly associated with the cell wall to a much greater 
extent than that of the cell wall. 


MATERIALS AND METHODS 


CULTURE OF SEEDLINGS: Oat seeds of the «variety 
Siegeshafer were germinated in vermiculite moistene 
with distilled water, and held in stainless steel trays 
The plants were grown at a temperature of 25° C and 
in low intensity orange light until they had reached 
At this stage 


an average height of 3 cm (96 hrs). 
the seedlings were harvested for use. 


PREPARATION OF SECTIONS AND CELL \\AaLis 
THEREFROM: 12 mm sections were cut from each 
coleoptile, the apical 3 mm tip being discarded. Pri- 
mary leaves were not removed. Sections were 
ground in an Omnimixer* at 0° C with four times 
their weight of 0.15 N acetate buffer, pH 4.4. Previ- 
ous work (18) has shown that at this pH no deesteri- 
fication of pectin by pectinesterase (PE) takes place 
during homogenization. The homogenate was next 
centrifuged, the supernatant liquid decanted, and the 
pellet washed by resuspension in water at 0° C. The 
cell wall fraction was washed in this way five times 
with water, followed by several washes in acetone. 
Finally, acetone washed cell wall material was dried 
in vacuo and stored for analysis. 

The supernatant liquid in each case was combined 
with that from the first water washing and used for 
preparation of the cold-water-soluble, 70 % alcohol- 
precipitable fraction of Avena coleoptile sections (see 
below). 


MetTHops oF ANALYSES: Pectic substance was 
measured by determining the uronic acid content using 
the pectinase-carbazole method of McCready and 
McComb (24) and McComb and McCready (25), 
expressing the pectic substance values as anhydro- 
uronic acid (AUA). This method has been cali- 
brated with the 12 % HCL-decarboxylation method. 

For determining methanol (methyl ester) content 
of cell wall preparations, 100 mg samples were saponi- 
fied with 4 ml of 1 N NaOH for 30 minutes at room 
temperature, and then 4.25 ml of 1 N HCl were add- 
ed. Solutions of pectic substances were similarly 
saponified. The methanol'so formed was determined 
by the method of Boos (6). In this determination, 
the solution containing methyl alcohol is distilled, 
the distillate collected and diluted to volume. The 
methanol distillate is oxidized to formaldehyde, and 
the formaldehyde measured colorimetrically with 
chromotropic acid. 

For separate determination of formaldehyde in 
the distillate, the chromotropic acid colorimetric 
method was used, but with the oxidation step omitted. 

The analyses of total alkyl groups were done by the 
Clark method (11). This method determines all 
labile simple alkyl groups such as methyl, ethyl, iso- 
propyl, etc., including those attached to oxygen, ni- 
trogen, or sulfur. 


4 Mention of specific products does not imply endorse- 
ment by the U. S. Department of Agriculture over others 
of a similar nature not mentioned. 
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Radic activity of samples in solution was deter- 
mined {.;st by drying them on planchets, and then 
making counts under a micromil window tube in an 
atmosplicre of Q gas. Radioactivity of whole cell 
walls was determined by the wet combusion method 
using the Van Slyke-Folch reagent (35), and count- 
ing the CO, formed in the gas phase (1). Aqueous 
samples were analyzed by a persulfate wet combus- 
tion technique (20). 

NoMENCLATURE OF Pectic SUBSTANCES: Pectic 
substances occur in plant tissue in three forms which 
are distinguished on the basis of solubility (5). 
These are: 

1) Pectic substances soluble in cold water and 
therefore known not to be associated with cell walls. 

2) Pectic substances associated with the cell wall 
from which they are removed by hot but not by cold 
water. This is classically known as the pectin frac- 
tion. 

3) Residual pectic material associated with cell 
walls but not removed by hot water extraction. This 
includes the fractions known as protopectin and 
pectate. 

It has been suggested that pectin may differ from 
protopectin in possessing a shorter chain length (15). 
Owens et al (31) showed, however, that the hot- 
water-insoluble cell wall pectic material in some plant 
tissues is completely soluble in hot solutions of se- 
questering agents. The residual pectic fraction and 
the soluble pectin fraction may or may not differ in 
chain length, but as will be shown, they do differ in 
degree of methyl esterification. 


RESULTS 


CoMPOSITION OF AVENA COLEOPTILE TISSUE AND 
CeLtt Waits: Whole coleoptiles and cell walls pre- 
pared therefrom were analyzed for their content of 
pectic substances (AUA) and the degree to which 
these are esterified. Typical results are given in 
table I. 


TABLE I 


CoMposITION OF WHOLE AVENA COLEOPTILE TISSUE AND 
or AVENA COLEOPTILE CELL WALIS 








% OF 
CONSTITUENT OF 
‘WHOLE COLEOP- 
TILES RECOVERED 
IN CELL WALLS 


WHOLE 
AVENA 
COLEOPTILES 


Con- 
STITUENT 


CELL 
WALLS 





%» % 
AUA 0.76 5.12 91 
CH,OH 

(by alkali) 
CH,OH 

(by PE) 
Alkyl groups 
Formalde- 

hyde 


0.125 0.402 42 


0.37 
0.85 


0.025 0.013 50 





‘On a dry weight basis. 


: * Corresponding to a molar ratio of CH,OH/AUA = 
43. 


The AUA content of the wall fraction was 5.1 %. 
As will be seen below, cell wall preparations from 
many different lots of coleoptile sections possessed 
AUA contents of slightly more than 5%. Compari- 
son of this value with that for the whole coleoptile in- 
dicates that 91 % of the tissue AUA accompanies the 
cell wall fraction. 

The methyl ester content of the cell wall, 0.40 %, 
corresponds to an average degree of esterification of 
the pectic carboxyl groups of 43 %. Coleoptile tissue 
contains non-cell-wall methyl ester groups; in fact, 
only 42 % of the methyl ester content of tissue is lo- 
calized in the wall. 

That the methyl ester of the cell wall is in fact 
present as pectin is shown by hydrolysis of cell wall 
suspensions with pectinesterase (PE). For this pur- 
pose 100 mg samples of cell walls were suspended in 
10 ml of 0.05 M phosphate buffer at pH 7.8 contain- 
ing 0.1 PE unit (a dialyzed and lyophilized orange 
PE preparation (23)) and 1 mg of merthiolate. 
After two to three days of incubation at room tempera- 
ture, the suspension was filtered, 5 ml of the filtrate 
distilled, and methanol determined in the distillate. 
Only 90% as much methanol was obtained by PE 
hydrolysis as by alkali saponification. This is in 
keeping with previous results on the extent of hy- 
drolysis of isolated apple and citrus pectins by PE 
(19). In these cases, PE fails to hydrolyze 0.5 % of 
the methyl ester of the pectins. This corresponds to 
90 % hydrolysis of low ester pectins and to 95% 
hydrolysis of high ester pectins. 

Cell walls contain a considerable amount of labile 
alkyl groups other than methyl ester, as shown by 
total alkyl group analysis. This method determines 
any alkyl group on O, N, or S, provided only that the 
alkyl iodide is relatively volatile. Nothing is now 
known in these laboratories concerning the nature of 
these other alkyl groups. 

Small but significant amounts of formaldehyde 
are found in coleoptile tissue. In cell walls (and 
presumably in the whole coleoptile), the formalde- 
hyde is not present in the free state but can be liberated 
either by acid hydrolysis (1 N HCl for 30 minutes) 
or by alkaline hydrolysis (in NaOH for 30 minutes) 
followed by acidification prior to distillation. Distil- 
lates from unhydrolyzed cell walls (water suspen- 
sions) contained no detectable formaldehyde. Ap- 
proximately 50 % of the total tissue formaldehyde is 
found in the cell wall. 

Since the AUA content of coleoptile cell walls is 
low (5.1%), a preliminary exploration was made 
of the nature of the remaining cell wall constituents. 
Cellulose is known to constitute about 25 to 40 % of 
Avena coleoptile walls (2, 26, 34, 38). Therefore, 
approximately 55 to 70 % of the wall is of unknown 
nature. A suspension of cell walls (0.75 g dry 
weight) in 135 ml of 0.2 M pH 5.0 acetate buffer 
containing 0.15% disodium ethylenediamine tetra- 
acetic acid was hydrolyzed with commercial pectinase 
until analyses showed that all of the AUA had passed 
into solution. The suspension was centrifuged, the 
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supernatant liquid decanted, and the pellet washed by 
suspension in water, and again centrifuged. The 
supernatant and washings were combined and evapor- 
ated in vacuum to approximately 10 ml. Basic con- 
stituents were removed by passage through a Dowex- 
50 (H+) column. The effluent was then passed 
through a Dowex-1-formate column to remove acidic 
substances. 

As indicated by paper chromatography using 
butanol-acetic acid-water solvent, the effluent con- 
tained galactose, glucose, xylose, arabinose, and possi- 
bly ribose. In addition, at least one ultraviolet ab- 
sorbing and one ultraviolet fluorescing substance 
were present. The Dowex-1 column was eluted with 
1 N formic acid and the eluate evaporated in vacuo 
to dryness. Chromatography of the residue indicated 
the presence of galacturonic acid, two ultraviolet ab- 
sorbing and two ultraviolet fluorescing substances. 
These observations, which are by no means complete, 
illustrate the complexity of the cell wall. 


Cation ExcHANGE Capacity: The calcium ion- 
induced inhibition of coleoptile growth is mediated 
by exchangeable bound ions (14). The same is true 
of the calcium-induced stiffening of coleoptiles as 
measured by resistance of tissue to mechanical de- 
formation (33). It is therefore important to deter- 
mine what component of the tissue binds ions in such 
a way as to determine growth rate and mechanical 
properties. 

The cation exchange capacity of the Avena coleop- 
tile cell wall preparation was determined as follows. 
Water suspensions of cell walls were mixed with a 
series of CaCl, solutions so as to give final concentra- 
tions between 0 and 10 meq/]. After 1 hour of equili- 
bration, the solution was removed by filtration, the 
residue washed with cold water to remove any un- 


TABLE II 


CaTION EXCHANGE CAPACITY OF COLEOPTILE SECTIONS 
AND OF COLEOPTILE CELL WALLS 








EXCHANGE CAPACITY 


MATERIAL 





1. Cation exchange capacity 
of cell walls 

2. Cation exchange capacity 
of cell walls calc. on 
basis of free pectic 
carboxyl groups 

3. Cation exchange capacity 
of fresh sections 2 

4. Cation exchange capacity 
of fresh sections calc. 
from item 1 (1 gm sec- 
tions = 20 mg cell 
wall) 

5. Cation exchange capacity 
of fresh sections calc. 
from item 2 


0.18 meq/gm dry wt 


0.165 meq/gm dry wt 
3.14 « 10-% meq/gm fr. wt 


3.6 x 10-% meq/gm fr. wt 


3.3 x 10-3 meq/gm fr. wt 





1 Calcium determinations were made by Dr. H. C. 
Lukens, Western Utilization Research and Development 
Division, Agricultural Research Service, U.S.D.A., 
Albany, California. 

2From Cooil and Bonner (14) 


bound material, and the residue then dried. The 
dried samples were analyzed for calcium cont: nt by 
flame spectrophotometry. : 

Essentially complete saturation of the exc iange 
capacity was obtained with a Catt concentrat:on of 
10 meq/l. At this concentration the cell wall prepa- 
ration bound 0.18 meq per g dry weight (table II), 
That the exchange capacity of coleoptile cell walls 
can be accounted for by their content of non-esteri- 
fied pectic carboxyl groups is shown by the s-cond 
entry in table II. This is calculated from the data 
of table I, by use of the AUA content, and the fact 
that the methyl ester/AUA ratio is 0.43. The cation 
exchange capacity of fresh living coleoptile sections 
was determined by Cooil and Bonner (14) using 
Ca*®. The cation binding sites of the intact tissue, 
like those of the cell wall, were essentially saturated 
at a Ca*+* concentration of 10 meq/l. The third and 
fourth items of table IT are, respectively, the meas- 
ured cation exchange capacity of intact coleoptile sec- 
tions and that which would be expected if all exchange 
capacity of the living tissue were due to the cell walls. 
The fifth item is that expected if all exchange capacity 
were due to the free pectic carboxyl groups of the 
cell walls. It is clear that the exchange capacity of 
the cell walls can account quantitatively for the ex- 
change capacity of the living tissue. It is also evident 
that the exchange capacity of the living tissue can 
be quantitatively accounted for by the number of 
free, non-esterified, pectic carboxyl groups which its 
cell walls contain. This conclusion has also been 
reached for roots (killed, however) by Keller and 


Deuel (21). 


MetHYL Ester ConTENT OF CELL WALL PECTIC 
SusBsTANCES AFTER INCUBATION WITH AND WITE- 
out InpotEAcetic Acip (IAA): The effect of TAA 
incubation on the incorporation of the methyl carbon 
of methionine-C'*H,, into cell walls and the methyl 
ester content thereof were studied. Sections were 
floated in 100 ml of buffered solution (0.0025 M po- 
tassium maleate at pH 4.8) containing 2 mg catalase 
and methionine-C'!*H, at 25°C. In the case of sec- 
tions incubated in the presence of IAA, its concen- 
tration was 2.8 x 10-5 M. In the first experiment, 
methionine-C'*H, of activity 0.85 mc/mM was used, 
and in the second two experiments material of specific 
activity 3.9 mc/mM. In the presence or absence of 
IAA, incubation was for 5 hours. Cell wall samples 
were prepared after sections were washed thoroughly 
with water. 

IAA caused an increase in total incorporation of 
radioactive carbon into the cell walls (table III) and 
this increase varied considerably between the three 
experiments. No detectable net change in methyl 
ester content resulted, however, from the IAA treat- 
ment. The molar ratio of methyl ester to pectic sub- 
stance also was unaffected by the presence of IAA. 
Evidently the elongation of sections under the influ- 
ence of IAA is not associated with any detectable 
change in ester content of the pectic substance. 
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TABLE III 


CoMPoSITION OF CELL WALLS FROM SEcTIONS INCUBATED! wITH METHIONINE-C!4H, 
AND IN PRESENCE OR ABSENCE OF IAA 











EXPERIMENT 12 


EXPERIMENT 23 EXPERIMENT 33 





CoNTROL IAA 


CONTROL 


IAA CoNnTROL IAA 





Radioactivity, 

cpm/mg C 7,900 8,600 
AUA, % Se 5.1 
CH,OH, % 0.37 0.37 


Molar ratio, 
CH,OH/AUA 0.40 0.39 


27,000 


27,200 27,400 33,000 
57 5.3 5.1 5.3 


0.43 0.38 0.36 0.36 
0.41 0.40 0.39 0.37 





i Incubation time, 5 hrs. 


21.3 wc/g section (0.235 mg methionine possessing 0.85 mc/mM). 
32.7 pwc/g section (0.105 mg methionine possessing 3.9 mc/mM). 


ACCELERATED METHYL Ester Formation IN- 
pucep By IAA: Although IAA does not cause any 
analytically detectable net change in the ester content 
of coleoptile pectic substance, it does cause an in- 
creased rate of formation (or turnover) of such ester 
groups. This conclusion is based upon isolation of 
the methanol obtained by saponification of cell walls 
from sections incubated in methionine-C'*H, and in 
the presence or absence of IAA. The dimedone de- 
rivative was prepared from the formaldehyde formed 
by oxidation of the methanol, and the radioactivity was 
then counted. 

Cell walls from experiments 2 and 3 were used. 
One hundred mg samples were saponified for 30 
minutes at room temperature with 4 ml of 1 N NaOH; 
then 4.25 ml of 1 N HCl were added to each, so as to 
minimize foaming, and the methanol distilled. Distil- 
lation was continued until half of the initial volume 
had been collected. To each distillate was added 1 
ml of an aqueous solution containing 3,950 ug of re- 
agent grade methanol. The distillates were oxidized 
by adding 15 drops of 5% phosphoric acid and 25 
drops of 5% potassium permanganate. After 20 
minutes, the excess permanganate was discharged by 
dropwise addition of 5 % sodium thiosulfate, and the 
pH of the reaction mixture was adjusted to 5.3 with 
2 N NaOH. The solutions were then centrifuged. 
After the supernatants had been decanted, the residual 


manganese dioxide was washed with 3 ml of water 
and again centrifuged. These supernatants were com- 
bined with the previous ones. To each were added 
20 ml of 0.38% dimedone solution. The reaction 
mixtures were allowed to stand one day at room tem- 
perature and one day at 4° C; then the crystalline 
dimedone derivative of formaldehyde was filtered, 
dried, and dissolved in 3.0 ml of ethanol. Aliquots of 
the ethanol solutions were dried on planchets and the 
radioactivity counted. The dimedone derivatives 
were recrystallized by adding 20 ml of water to the 
remainder of the ethanol solutions. Yields of 5 and 
8 mg from experiments 2 and 3, respectively, were 
obtained; all samples had melting points of 189° to 
190° C. The 5 mg samples were dissolved in exactly 
2 ml of ethanol and the 8 mg samples in 5 ml of eth- 
anol. One hundred v1 aliquots were dried on 
planchets for counting and 0.5 ml aliquots used for 
dry weight determinations. 

The recrystallization failed to change the specific 
radioactivities of the dimedone derivatives. The 
radioactivities of the derivatives are reported in table 
IV. It is apparent that the specific activities of the 
material from IAA treated cell walls are greater than 
those from the controls. The ratio of specific activi- 
ties, [AA/control, was 1.4 and 1.7 in the two experi- 
ments. Accordingly, even though IAA does not cause 
a detectable net change in methyl ester content of pec- 


TABLE IV 


SPECIFIC RADIOACTIVITY OF FORMALDEHYDE-DIMEDONE COMPOUND PREPARED FROM 
MeTHYL EsTER oF CELL WALLS FROM SECTIONS INCUBATED IN 
PRESENCE oR ABSENCE OF IAA 








ACTIVITY OF DILUTED 
DIMEDONE DERIVATIVE 
CPM/MG 


DILUTION 
FACTOR 


EXPERIMENT 
NO. 


ACTIVITY ON SPECIFIC 
UNDILUTED BASIS Activity! 


cPM/MG uc/MM 


RatTIo 
ITAA/coNTROL 





Control 6,620 10.2 
IAA 8,280 11.4 


3,615 12.0 
5,910 12.3 


Control 
IAA 


67,700 22 
94,400 31 1.4 


43,300 14 
72,700 24 1.7 





‘ Calculated on basis of 40 % efficiency gas flow, thin 


window Geiger counter. 
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TABLE V 


Composition oF Hot-H,O-so_usLte Fraction or CELL WALLS 








CELL WALL MATERIAL 
SOLUBILIZED, % 


Dry 
waseare AUA CH,OH 


EXPErI- 


MENT No, SAMPLE 





MOLAR RATIO 
CH,OH/AUA MATERIAL 


Ratt 
SPEC 
ACTIV 
IAA/c 


AVA ID 
UA IN RADIOACTIVITY OF EXTRACT 
EXTRACTED — — 


CPM/MG 


a cepM/MG AUA 
%} DRY WT 





Control ; 14 32 
IAA ' 13 30 


Control : 18 45 
IAA a 16 37 


3 Control ; 17 35 
IAA 16 35 


21 7,900 
21 9,600 


27 20,600 
25 26,200 


25 21,700 
25 31,200 


37,600 
45,700 


76,300 
104,700 


86,800 
124,000 





1 On a dry weight basis. 


tic substances, it does cause an accelerated formation 
(or turnover) of the ester group. The fact that the 
dimedone derivatives possessed specific activities of 
approximately 0.5% that of the methionine-C'*H, 
supplied suggests that there is a fairly direct path- 
way for the transfer of methyl from methionine to the 
methyl ester of the pectic substances. 

The data of table IV apply to the cell walls as a 
whole. Conclusions as to IAA-induced increase in 
rate of methyl ester formation (or turnover) apply 
also to the hot-water-soluble (classical pectin) frac- 
tion of the wall. It is in this fraction that Ordin, 


Cleland, and Bonner (29, 30) showed an auxin- 
induced increased rate of incorporation of labeled 


carbon derived from methionine-C!4H,. Data pre- 
sented below confirm earlier observations and show 
in addition that either methyl ester formation or turn- 
over is involved. 

Hot water extracts of the cell wall preparations 
from the three experiments (table III) were prepared 
by adding 7 ml of water to 150 mg of cell wall prepa- 
ration. Each was heated 1 hour in a boiling water 
bath, cooled, centrifuged, and the supernatant (ca. 
3 ml) removed. The extractions were repeated for 
an additional 30 minutes with another 6 ml of water. 
The material was again cooled, centrifuged, and the 
supernatants combined (ca. 9 ml). The extracts 
were made up to 10 ml. Aliquots of these extracts 
were used for dry weight analyses. The extracted 
cell wall residues were washed several times with 
water and once in acetone, then dried in vacuo. 


The hot-water-soluble fraction amounts to a, 
3.5 % of the total weight of the cell wall (table V), 
The soluble portion contains, however, 15% of the 
total cell wall AUA and an even larger fraction, 35 %, 
of the total cell wall methyl ester. The methanol/ 
AVA ratio of the hot-water-soluble material is ap- 
proximately 0.9. Hot water, therefore, extracts a 
highly esterified fraction of the cell wall pectic ma- 
terial. The residual hot-water-insoluble material, by 
contrast, possesses a methanol/AUA ratio of 03 
(table VI). Although the hot-water-soluble fraction 
corresponds to the classical pectin in its high degree 
of esterification, it does not consist solely of pectin. 
In fact, only 21 to 27 % of the fraction can be ac- 
counted for as AUA (table V), the balance yielding 
principally xylose and arabinose after hydrolysis (see 
above). 

Specific activities of the hot-water-soluble frac- 
tions of the cell walls are given in table V. In each 
case, the specific and total activities are greater in 
the preparation from I[AA-treated sections than in 
that from control sections. The ratio of. specific 
activities, [AA/control, was 1.2 for experiment 1 and 
1.4 for experiments 2 and 3. The ratios for the hot- 
water-soluble pectic material are in agreement with 
the ratios for the dimedone derivatives representing 
the total cell wall methyl ester (table IV). 

Aliquots of the hot-water-soluble material were 
saponified and recounted. The method used for sa- 
ponification consisted of adding 0.5 ml of concentrated 
ammonium hydroxide to 1 ml of extract. After the 


TABLE VI 


ANALYSIS OF Hot-wWATER-INSOLUBLE RESIDUES OF CELL WALLS FROM SECTIONS INCUBATED 
WITH AND witHouT IAA IN PRESENCE oF METHIONINE-C14H, 











EXPERIMENT 1 


EXPERIMENT 2 EXPERIMENT 3 





CONTROL IAA 


CONTROL 


IAA CoNTROL IAA 





Radioactivity, 

cpm/mg C 6,200 6,300 
AUA, % 4.0 4.0 
CH,OH, % 0.24 0.22 
Molar ratio, 


CH,OH/AUA 0.33 0.30 


23,600 23,900 23,300 
49 4.3 4.2 
0.24 0.22 0.20 


0.27 0.26 
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solutions had stood at room temperature for 90 
minutes, they were heated at 100° C for 60 minutes. 
Saponilication was complete since repetition of the 
above procedure failed to decrease further the specific 
radioactivity of the residue. The losses of radio- 
activity from saponification of hot-water extracts of 
cell walls were 85% for the controls and 89 % for 
IAA-treated sections from experiment 2, and 91 and 
94 %, respectively, from experiment 3. The activity 
of the hot-water-soluble portion resides, therefore, 
principally in saponifiable material, presumably 
methyl ester. In the case of the hot-water-soluble 
pectin, an accelerated incorporation of methionine 
methyl into methyl ester results from IAA treatment, 
just as in the case of the cell wall pectic material as a 
whole. 

Analysis of the cell wall residues after hot water 
extraction shows that approximately 80 % of the pec- 
tic substance remains in the cell walls (table VT). 
This is in good agreement with analysis of the hot 
water extracts. The degree of esterification of the 
residual pectic substance is only about 30%. It is 
this residual pectic fraction which would be known 
classically as protopectin. It is apparent, however, 
that the material possesses a low degree of esterifica- 
tion and differs from soluble pectin in this respect. 

Treatment with IAA does not cause any significant 
acceleration in incorporation of methionine methyl 
into the ester of pectic substances which remain in 
the cell walls after hot-water extraction. 

This was determined on cell walls of experiment 
3 after saponification in the following manner. To 
65 mg each of hot-water-extracted cell walls from 
control and [AA-treated sections were added 4 ml of 
1 N NaOH. Saponification was allowed to proceed 
for one-half hour at 25° C; then 4.25 ml of 1 N HCl 
were added and the liberated methanol removed by 
distillation. The saponification mixtures were filter- 
ed, the residues washed several times with water, and 
dried first with acetone and then in a vacuum desic- 
cator. Filtrates were combined with the water wash- 
ings and diluted to 25 ml. 

The loss of radioactivity upon saponification was 


42 % and 38 %, respectively, for the control and the 
IAA-treated, hot-water-extracted cell walls. The to- 
tal loss of counts was 232,000 for the former and 204,- 
000 for the latter, corresponding to a ratio, IAA/ 
control, of 0.9. If all the radioactivity lost upon 
saponification were due to ester (a very reasonable 
assumption as will be shown later), then IAA had 
little or no effect on incorporation of methyl ester 
in the pectic substances of this fraction. It is inter- 
esting to note that the alkali treatment solubilized 
(but did not make volatile) the major portion of the 
non-saponifiable radioactive material of the cell walls 


(table VII). 


ABSENCE OF IAA Errect oN CELL WALL ACETYL- 
ATION: The methyl groups of methionine-C'*H, are 
not transformed to acetyl or similar acyl groups of 
the cell walls. Further, IAA does not cause any 
net change in the unlabeled acyl group. This was 
demonstrated with cell walls of experiment 3 in the 
following manner. To 150 mg each of cell wall prep- 
aration from control and TAA-treated sections were 
added 25 ml of 1 N HCl. The materials were sealed 
in glass tubes and heated in a steam bath for 1 hour. 
The tubes were cooled and opened. The residual 
cell material was removed by filtration and the fil- 
trates were steam distilled to yield 50 ml of distillates. 
Each distillate required 0.17 meq of NaOH for neu- 
tralization. Apparently TAA caused no net change 
in the acetyl (or similar volatile acvl group) content 
of cell walls, and the effect of IAA in promoting cell 
elongation is probably not due to any change in de- 
gree of acetylation of pectic substances. 

The neutralized steam distillates were evaporated 
in vacuum to dryness. The residues were dissolved 
in 5 ml of water and 100 #1 aliquots were dried and 
counted. Only 70 cpm were observed on the residues 
from either solution. The total radioactivities of the 
distillates were less than 1% of those solubilized by 
the respective acid hydrolysis determined in the same 
manner. Little if any of the methyl of methionine- 
C'*H, had been incorporated into acetyl groups of 
cell walls. 


TABLE VII 


Loss In RADIOACTIVITY ON SAPONIFICATION OF HoOT-WATER-INSOLUBLE RESIDUES OF CELL WALLS 
FROM SECTIONS INCUBATED WITH AND WITHOUT IAA 
IN PRESENCE OF METHIONINE-C!4H,! 








MATERIAL cuyuc C 


RADIOACTIVITY, 


TOoTaL 
COUNTS 


oO 
Torat C, Loss on 


SAPONIFICATION 





Hot-water-insoluble residue 
Saponification supernatant? 
Saponification residue® 
Hot-water-insoluble residue 
Saponification supernatant? 
Saponification residue? 


545,000 
293,000 
20,700 42 
540,000 
310,000 
25,700 





' Experiment 3. 
* Material solubilized by saponification procedure. 


* Cell wall fraction was not solubilized by saponification procedure. 
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Errect oF IAA on Metuyt Ester or Co xp- 
WATER-SOLUBLE, 70 % ALCOHOL PRECIPITABLE FRAC- 
TION OF AVENA COLEOPTILE SECTIONS: To prepare 
cell walls, the tissue was first ground in acetate buffer 
and the cell wall material centrifuged. Some pectic 
material remains, however, in the supernatant liquid 
from centrifugation. This is the cold-water-soluble 
pectin. It was prepared as follows: the supernatant 
liquid in each case was combined with the first water 
washing of the cell wall material. This was heated 
to 90°C to denature the protein, filtered through 
paper, and concentrated in vacuo to a volume of 20 
ml. Sixty ml of 95% ethanol were then added. 
After several days at 4° C, the resultant precipitate 
was centrifuged, washed with acetone, and dried in 
vacuo. From each 30 g of original plant tissue, 35 
to 40 mg of alcohol-precipitable material was obtained. 

The cold-water-soluble, 70% alcohol insoluble 
fraction was prepared as described above for all ex- 
periments. The dried material in each case was re- 
suspended in 10 ml of water. In experiment 1, 66 % 
of the material proved to be soluble, in experiments 
2 and 3,75%. Data from the analyses of the result- 
ant solutions are given in table VIII. The concentra- 


tion of pectic substance present (3.2 to 4.9%) was 


low, and the limited amount of material availa'vle per. 
mitted only an approximate determination of methy| 
ester (CH,OH) content. However, the s«pecific 
activities per mg dry weight of soluble material are 
close to those of the hot-water-soluble material jp 
spite of the fact that they represent only about one. 
fifth as much pectic substance. For comparison, 
specific activities are calculated on an AUA basis, 
With the exception of experiment 1, in which meth. 
ionine of lower activity was used, the ratios of specific 
activities, [AA/control, are even higher than the cor. 
responding ratios for the hot-water-soluble material 
(table V). Therefore, IAA treatment apparently 
causes a greater acceleration in methyl ester in. 
corporation in this particular fraction than in the 
cell walls themselves. 

The cold-water-soluble, alcohol precipitable frac- 
tions were next saponified, as described earlier, and 
aliquots of the dried residues counted. The IAA- 
induced increase in specific activity of this fraction is, 
for the most part, due to an increase in amount of a 
saponifiable, volatile material, presumably methyl 
ester (table VIII). The residues contain radioactivi- 
ty which did not become volatile as a result of saponi- 
fication. In experiments 2 and 3 (where more highly 


TABLE VIII 


CHARACTERISTICS OF COLD-WATER-SOLUBLE PECTIC SUBSTANCES FROM SECTIONS INCUBATED 
IN PRESENCE oF METHIONINE-C!4H,, wiTH AND wiTHouT TAA 











EXPERIMENT 1 





ConrTrRoL TAA 


EXPERIMENT 3 
x IAA 


EXPERIMENT 2 
CONTROL TAA 








AVA, %}1 43 4.9 
CH,OH, %1 A.5 —A.5 
Molar ratio, 

CH,OH/AUA 
Specific activity, 

cpm/mg AUA 
Ratio of specific 

activities? 

(AVA basis) i. 1.2 
Loss of radioactivity 

on saponification, % 74 
Specific activities of 

volatile material resulting 

from saponification 

(AVA basis) 
Ratio of specific 

activities of 

volatile material resulting 

from saponification? 

(AVA basis) 
Specific activity of 

saponification residue, 

per mg AUA 
Ratio of specific 

activities of 


saponification residues? 
(AUA basis) are 1.0 


“5 A.5 


174,000 217,000 


CONTROL 
3.0 


“3 


A 32 2.4 
A.2 
AS AS 


333,000 557,000 


1.7 


65 





1 Percentages are on basis of dry weights of soluble material. 


2 Ratios are I[AA/control. 
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radioact:ve methionine-C'*H, was employed), IAA 
induce’ an increase in this residual radioactive ma- 
terial. [he nature of this material, presumably a 
nonsaponifiable methyl group attached to certain resi- 
dues, is at present unknown. 

‘To verify that the saponifiable material is methyl 
ester. the methanol resulting from saponification was 
distilled, diluted with reagent grade methanol, oxi- 
dized to formaldehyde, the dimedone derivative there- 
of prepared, and the radioactivity determined. The 
cold-water-soluble pectin fractions from experiment 
3, both from the control sections and from sections in- 
cubated with IAA, were tested. 

The following method of preparation was used. 
Solutions (3 ml) possessing a potential 25 ug of 
methanol were saponified at 25°C with 2 ml 1 N 
NaOH. After one-half hour 2.25 ml 1 N HCl were 
added and the reaction mixtures distilled to give 3 ml 
of distillate. Methanol solution (1 ml containing 
3,960 ug of CH,OH) was added, the mixture was 
oxidized, and the dimedone derivative of the formalde- 
hyde prepared. Yields of approximately 9 mg of 
the twice-crystallized dimedone derivatives were ob- 
tained in each case. The second crystallization failed 
to alter the specific radioactivity of the derivatives. 
Preparation of the derivatives was repeated with solu- 
tions containing potentially 38 ug of methanol. 

The ratio of specific activities, [AA/control, was 
2.3 (table IX). This value is in good agreement 
with that obtained for the specific activities (table 
VIII) of the volatile material resulting from saponi- 
fication of the same preparations. The specific activi- 
ty of the dimedone derivative from the control sec- 
tions was 2 % and that from the IAA-incubated 4 % 
of that of the methionine supplied. Thus the path- 
way of transfer of the methyl group from methionine 
to the cold-water-soluble pectic methyl ester appears 
to be even more direct than the transfer to the ester 
of the cell walls. 


DISCUSSION 


Avena coleoptile cell walls studied in this work 
contain an average of 5.3% pectic material, meas- 


TABLE X 


DISTRIBUTION OF PEcTIC SUBSTANCES IN 
AVENA COLEOPTILE TISSUE 








AUA 1n Totat DEGREE OF 
FRACTION ESTERIFI- 
1 


% 
% AUA_ caTION % 





Cell walls 5.3 91 40 
Hot-water-soluble 

fraction of cell walls 23 142 90 
Residue after hot water 

extraction 4.3 78 31 


Cold water soluble, 


70 % ethanol insoluble 4.0 ~5 —~50 





1QOn dry weight basis. 
2 This corresponds to 15 % of cell wall AUA. 


ured as AUA. That AUA, as determined by the 
pectinase-carbazole method, actually is galacturonic 
rather than some other uronic acid has been shown 
by paper chromatography of the acidic fraction of 
the cell wall hydrolyzate. The distribution of Avena 
coleoptile cell wall pectic material among fractions 
of different solubility properties, as well as the degree 
of methyl esterification of each fraction, is summarized 
in table X. Although over 90 % of the AUA is as- 
sociated with the cell walls, a small portion definitely 
is not, but is recovered from the original tissue homo- 
genate as cold-water-soluble, 70 % alcohol-insoluble 
material. It is possible that this material is actually 
a cell wall constituent, liberated by the homogeniza- 
tion and washing procedure. In any case, it may be 
a precursor of cell wall pectin as is suggested by the 
high specific activity of its methyl ester groups. The 
hot-water-soluble pectin, which makes up approxi- 
mately one-seventh of the tissue pectic substance, is 
almost completely esterified. The residual hot-water- 
insoluble pectin, on the contrary, is methyl esterified 
only to the extent of ca. 30%. The material is, ap- 
parently, held in the wall as the water-insoluble salt 
of inorganic ions such as calcium. This idea is sup- 
ported by the observations that (a) cell walls of 
Avena coleoptiles contain bound calcium and (b) 


TABLE IX 


SpectFic RADIOACTIVITY OF FORMALDEHYDE-DIMEDONE COMPOUND PREPARED FROM 
METHYL EsTER OF COLD-WATER-SOLUBLE PECTIC SUBSTANCES FROM 
Sections INCUBATED IN PRESENCE OF METHIONINE-C!4H, 

WITH AND witHouTt IAA! 











SPECIFIC ACTIVITY — 


PREPARATION 
cPM/MG 


TION FACTOR 


ACTIVITY ON 
UNDILUTED BASIS 
cPM/MG 


Ratio 
ITAA/ContTROL 


SPECIFIC ACTIVITY 
uc/MM2 





1,400 160 
3,210 160 


2,240 105 
5,330 105 


No 1 control 
IAA 


No 2 control 
IAA 


224,000 74 
513,000 170 2.3 


235,000 78 
533,000 176 2.3 





' Cold-water-soluble pectic substances from experiment 3 were used. 
* Calculated on basis of 40 % efficiency gas flow, thin window Geiger counter. 
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residual pectin in other plant tissues can be extracted, 
essentially completely, with hot aqueous solutions of 
ethylenediamine tetra-acetic acid, a calcium sequester- 
ing agent (31). The calcium in Avena coleoptiles is 
not readily removed. It amounts to ca. 0.03 meq 
per g of cell walls and is sufficient to form the cal- 
cium salt of one-fifth of the free pectic carboxyl 
groups present. 

When Avena coleoptile section tissue is supplied 
with IAA, neither the net amount of cell wall pectic 
substance, its distribution between forms of different 
solubility, nor its net degree of esterification is meas- 
urably affected. However, the presence of IAA 
does influence one significant aspect of pectic metab- 
olism, namely, rate of formation of pectic methyl ester 
groups. This rate is increased as much as 70 % for 
cell wall methyl ester as a whole, as well as for methyl 
ester of the hot-water-soluble pectin. Rate of methyl 
ester group formation in the cold-water-soluble pectin 
is increased by the presence of IAA to an even greater 
extent, more than two-fold. 

Is the increased rate of pectin methyl ester forma- 
tion directly related to auxin-induced growth? Al- 
though this question cannot be answered on the basis 
of the present work, the answer can be approached 
first by summarizing the evidence on the role of pec- 
tic materials in cell wall plasticity. It has already 
been shown that the plasticity of Avena coleoptile cell 
walls, as measured either by growth rate or by suscep- 
tibility to mechanical deformation, is greatly in- 
fluenced by inorganic cations. The presence of cal- 


cium ions stiffens the wall; the presence of potassium 


ions softens it. The ions which are effective in this 
function act as though they are exchangeably bound 
(14, 33). The present paper demonstrates that the 
cation binding capacity of living coleoptile tissue is 
accounted for quantitatively by the free (nonester- 
ified) pectic carboxyl groups of the cell wall. The 
exchangeably bound ions which influence cell wall 
mechanical properties are, therefore, ions which are 
exchangeably bound to cell wall pectic carboxyl 
groups. Ionic bonds between adjacent pectic chains 
can, apparently, serve as cross linkage points be- 
tween them and serve to make the entire cell wall 
structure more rigid. 

The effect of auxin, IAA, in increasing cell wall 
plasticity cannot be due simply to increasing the pro- 
portion of pectic carboxyl groups which are esterified. 
This is ruled out by the evidence in tables III through 
VII, in which no effect of auxin treatment on the 
net cell wall methyl ester content can be detected. 

The data show that IAA treatment does not alter 
the distribution of pectic material, as between forms 
of different solubility. Hence, there is no reason to 
suppose that the IAA effect, for example, is one of 
breaking long chains into short ones. The one clear- 
ly demonstrable effect of IAA treatment is the con- 
siderable increase in rate of pectin methyl ester group 
formation in the ester groups of the more saluble pec- 
tic materials. TAA, in promoting cell elongation, 
may have to do with the synthesis of these ester groups 
(and indeed the galacturonic acid residues themselves ) 
of the soluble pectic material. 


SUMMARY 


1. Avena coleoptile cell walls contained, on a dry 
weight basis, 5.1 % of pectic substances as measured 
by the carbazole method. Methyl ester dete:mina- 
tion by alkaline hydrolysis showed that, on the aver. 
age, 40% of the pectic material was _ estcrified, 
Methyl ester determination by pectinesterase yielded 
a value approximately 90 % of that found by aikaline 
hydrolysis. The cell walls contained a considerable 
amount of labile alkyl groups other than methyl ester, 
The nature of these alkyl groups is not now known, 
Hydrolysis of cell walls produced small but signifi- 
cant amounts of formaldehyde. Pectinase hydrolysis 
of cell walls, followed by ion exchange separations 
and paper chromatography, were used to identify the 
component sugars and uronic acids of the cell wall, 
The sugar fraction contained ribose, galactose, glu- 
cose, xylose, and arabinose, with the last two sugars 
predominating, as well as at least one ultraviolet ab- 
sorbing and one ultraviolet fluorescing material, 
The acidic fraction contained two ultraviolet absorb- } 
ing and two ultraviolet fluorescing substances in 
addition to galacturonic acid. 

2. The cation exchange capacity of coleoptile cell 
walls equaled the number of free pectic carboxyl 
groups. The cation exchange capacity of living 
Avena coleoptile sections, previously determined, is 
likewise equal to the number of free pectic carboxyl 
groups which the tissue contains. Accordingly, it 
is concluded that the cation exchange capacity of 
coleoptile sections is determined by the deesterified 
portion of pectic substances present. 

3. Incubation of coleoptile tissue with IAA induces 
an accelerated formation of the methyl ester of the 
pectic substances of cell walls, although no analytic- 
ally detectable net change in cell wall content of pec- 
tic substance, in methyl ester content, or in degree | 
of pectic esterification was found. This is deduced 
from experiments in which tissue was incubated for 
5 hours in methionine-C'*H, and in the presence or 
absence of IAA, followed by isolation of the pectic 
methyl ester groups as methanol. The specific activi- 
ty of the pectic methyl ester groups of IAA-treated 
tissue was as much as 1.7 times that of the non-auxin 
treated tissue. The IAA-induced accelerated forma- 
tion of methyl ester occurred exclusively in the hot- 
water-soluble pectic fraction of the cell walls which 
represents 15 % of the total pectic substance of the 
cell walls. 

4. Incubation of coleoptile tissue with IAA caused 
a greater increase in incorporation of methionine 
methyl into the methyl ester groups of the cold-water 
soluble, 70 % alcohol-precipitable pectic fraction than 
into the pectin of the cell walls themselves. The 
high specific radioactivity of the methyl ester groups 
of the cold-water-soluble pectin fraction suggests a 
relatively direct pathway for the transfer of methion- 
ine methyl to the methyl ester of pectic substances. 
These observations also suggest that the cold-water- 
soluble pectic material may be a precursor of cell wall 
pectic substances. 

5. Little or no incorporation of the methyl group 
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onine into the acetyl (or similar acyl) groups 
I] walls could be found. 
vo net change in the acetyl (or similar acyl) 
tis resulted from incubation of coleoptile tissue 
TAA, 
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INTERACTIONS OF GIBBERELLIN, VERNALIZATION, PHOTOPERIOD AND 
TEMPERATURE IN THE FLOWERING OF ENDIVE! ? * 
LAWRENCE RAPPAPORT anp JAMES BONNER 


DEPARTMENT OF VEGETABLE Crops, UNIVERSITY OF CALIFORNIA, Davis, 
AND Division oF BroLtoGy, CALIFORNIA INSTITUTE OF TECHNOLOGY 


Stem elongation and concomitant acceleration of 
flowering are well known responses of some higher 
plants to treatment with gibberellin (2, 3, 7, 8, 19, 20). 
It is clear that responsive biennials, such as henbane 
(Hyoscyamus niger L.) and carrot (Daucus carota 
L.) must reach a certain stage of development before 
either cold or gibberellin is effective in promoting seed- 
stalk elongation and flowering (4, 5, 9, 19). Thus, 
in carrot a minimum root diameter of about 1 cm must 
be attained before flowering may be induced (4, 19). 
The flowering behavior of the biennials is in contrast 
to that of winter annual plants such as head lettuce 
(Lactuca sativa L.) and endive (Cichorium endivia 
L.). The winter annuals, one of which is discussed 
in this paper, have only a quantitative requirement 
for cold. Flowering is hastened by a short period 
of seedling vernalization followed by a regimen of 
long days and high night temperatures (6, 10, 11, 12, 
13, 14, 16, 18, 19). Application of gibberellin at any 
time after seed germination promotes stem growth 
and subsequent flowering of endive and of lettuce. 
The questions which the present experiments were de- 


signed to answer are: a) to what extent does gibberel- 
lin replace the cold and/or long day requirements 
for flowering of endive, and b) to what extent does 
gibberellin overcome temperatures unfavorable for 
seedstalk elongation. 


METHODS 


These studies were performed in the Earhart Plant 
Research Laboratories (17) between December 15, 
1957, and September 1, 1958. All plants were grown 
in a 1:1 mixture of vermiculite and gravel and were 
supplied 3 times a week with a modified Hoagland’s 
nutrient solution. The experiments were set up in a 
split-split-split plot design. The statistical analyses 
of numbers of days and stem heights at the appearance 
of the developing inflorescences were so conducted 
as to take into account the fact that non-vernalized 


1 Received revised manuscript May 4, 1959. 

2 Report of work supported in part by Merck & Co., 
Inc. The support and counsel of Mr. James Merritt is 
gratefully acknowledged. 

8 The commercial product “Gibrel”, the potassium salt 
of gibberellic acid, was supplied by Merck & Co., Inc., 
Rahway, New Jersey. It will be referred to as “gibberel- 
lin” in this paper. 
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plants without gibberellin did not flower and hence 
could not be included in the analyses of those ireat- 
ments which did flower. The index of growth re. 
sponse used was stem height at the time of appearance 
of the developing inflorescence. The number of leaves 
on the central axis below the developing inflorescence 
(11, 12, 13, 14) was used as a physiological index, 
Number of days to the appearance of the developing 
inflorescence was used as a chronological index 
Each treatment of each experiment consisted of 5 to 
16 replications, each of 1 plant. The exact numbers 
are detailed below. Variance ratios (F values) fr 
main effects (temperature, photoperiod, vernalizatic 
and gibberellin) were all significant at the 1 % lev 
for all variables measured except for the effect 

temperature on days to flower (table IB) which v 


~ 


significant at the 5 % level. 


RESULTS 


In an initial experiment endive seedlings (variety 
broadleaf Batavian) were vernalized 20 days at 4° C. 
Six single plant replications of each treatment were 
then grown in greenhouses under either 8 or 16 hours 
respectively, of natural light or of natural light sup- 
plemented by low intensity artificial light (about 50 
ft-c) from incandescent lamps. The temperatures 
were controlled at 23° C from 8 A.M. to 4 P.M. and 
at 10°, 17° or 23° C from 4 P.M. to 8 A.M. Non- 
vernalized control seed for all environmental condi- 
tions was planted 2 days before the vernalized seed- 
lings were transferred from the 4° C room, thus pro- 
viding seedlings (at the end of cold treatment) of 
approximately the same size and appearance. After 
expansion of the 2nd true leaf 50 or 100 ug of gibberel- 
lin per plant was applied to the vegetative apices of a 
portion of the plants under each growing condition. 
Only the data for the 50 #g treatments are presented 
since the 2 concentrations elicited similar responses. 
The results (measured after flowering was com- 
pleted) are shown graphically (fig 1A, Band C). In 
these experiments the plants maintained under short 
day conditions and given no gibberellin treatment re- 
mained healthy and vegetative for at least 6 months. 
Thereafter, irrespective of night temperature, of all 
plants grown on short day regimen, 31 % flowered, 
while the remainder were ultimately discarded be- 
cause of characteristic physiological or secondary dis- 
orders. For this reason the data for numbers of 
leaves on non-flowering plants (fig 1A) are indicated 
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Night Ti 
A) The numbers of leaves per plant below 
the developing inflorescences, instead of: B) the numbers 
of days to the appearance of the developing inflorescences, 
and C) stem heights at the appearance of the developing 
inflorescence as affected by night temperature, vernaliza- 
tion (V = vernalized, NV = not vernalized), photo- 
period (8 or 16 hours) and biweekly foliar applications 
of gibberellin (50 ug/plant). Broken-lined bars (A) 
represent number of leaves on plants that remained vege- 
tative until they either flowered or became diseased and 
were discarded. 
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by broken-lined bars and no data are given for these 
treatments on days to flower or stem heights at time 
of appearance of the inflorescence. 

With endive as with lettuce (1, 13) long day (16 
hrs) high temperature conditions (17° or 23° C night 
temperature) after vernalization markedly promote 
flowering as indicated by decreased leaf numbers and 
days to flower (fig 1A and B). At night tempera- 
tures of 17° and 23° C, under short days 50 % of 
the vernalized plants eventually developed inflores- 
cences while all non-vernalized plants remained vege- 
tative. Flowering of the vernalized plants grown 
under short day conditions was sporadic and extended 
over a period of 3 months. At 10° C, both vernalized 
and non-vernalized plants flowered, although vernal- 
ized plants flowered earlier than non-vernalized plants, 
indicating that the 10° C night temperature may have 
partially satisfied the cold requirement. Plants which 
received gibberellin applied to their foliage, flowered 
regardless of temperature, photoperiod or vernaliza- 
tion. Gibberellin treated, non-vernalized short day 
grown plants flowered 8 to 26 days later (depending 
upon temperature) than did non-gibberellin treated 
vernalized long day grown plants. Gibberellin ap- 
plication can therefore replace, qualitatively, the re- 
quirements of endive both for vernalization and for 
long day. The effects of vernalization and of gib- 
berellin in accelerating flowering are additive, as has 
been previously reported (1, 5). 

When number of leaves below the developing in- 
florescence is used as the index of flowering, the abil- 
ity of gibberellin to replace the effect of vernalization 
is strikingly clear (fig 1A and table I). Untreated 
(no gibberellin) vernalized plants on long days pro- 
duced 41 to 47 leaves before developing an inflores- 
cence, approximately the same number produced by 
treated but non-vernalized plants on a short day 
regimen. In contrast, untreated non-vernalized plants 


TABLE I. 


Errect oF Fottar APPLICATIONS OF GIBBERELLIN ON 
FLOWERING IN ENDIVE* 








NIGHT 
TEMPERATURE** 


TREATMENT 





Yamane GIBBERELLIN 
TION ‘ 


50 ug/PLANT 10° C 17°C 23°C 
yo we BIWEEKLY 





PHOTOPERIOD 
HOURS 





Number of days to 
developing inflorescence 
+ 101*** 102 96 
_ 93 93 70 


Number of leaves below 
developing inflorescence 
8 + 31 2 
16 + — 47 41 41 





* Data taken from figures 1A and 1B. 
** Day temperature: 23° C. 
*** Each figure is the average of 6 single plant replica- 
tions. 
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both under short and long day conditions did not 
flower or produced more than 70 leaves before pro- 
ducing an inflorescence. 

In the experiment of table II and figure 1C stem 
height at the time of appearance of the developing 
inflorescence was measured. This provides an index 
of the effectiveness of gibberellin in promoting stem 
growth. A night temperature of 17° C is clearly 
more favorable to stem growth than night tempera- 
tures of 10° C or 23° C (table II). Early flower- 
ing, induced by vernalization, was also accompanied 
by short stems. Applications of gibberellin increased 
stem height, at all temperatures. The tallest stems, 
as among all treatments, were produced by gibberellin 
treated, non-vernalized plants grown on short days. 
These stems were 2 to 3 times as tall as stems of un- 
treated vernalized plants grown on long days. This 
response is similar to that of lettuce reporied by 
Bukovac and Wittwer (1). 

The results reported above show that application 
of gibberellin causes flowering of endive under other- 
wise unfavorable environmental conditions. Further 
experiments were designed to determine quantitatively 
the extent to which application of gibberellin can re- 
place the vernalization and long day requirements for 
flowering of endive. In the first experiment, endive 
seed was vernalized for 1, 4, 8, 12, 16 or 20 days. 
Five single plant replications were then placed at a 
day/night temperature of 20°/14° C under short (8 
hrs) or long (16 hrs) photoperiods (figs 2A and B). 
Control seedlings were started at the same growing 


temperature on the Ist, 12th or 20th day of vernal- 
ization period. After the 2nd true leaf was fully 
expanded 50 ug of gibberellin were applied biweekly 


to the. growing tip. As in the initial experiment, 
vernalization markedly hastened flowering of endive 


TABLE II. 


STEM GROWTH OF ENDIVE AS AFFECTED BY GIBBERELLIN 
TREATMENT AT 2 PHOTOPERIODS AND 
3 NiGHT TEMPERATURES * 








TREATMENT NIGHT 


TEMPERATURE** 





VERNALIZA- Gu 
PHOTOPERIOD TION yy weap 


HOURS 20 x oe 10° C 17° C 23°C 
AT 4° ra 








Stem height at 
appearance of 
developing 
inflorescence 
— 127*** 183 139 
+ 64 8&3 46 


Stem elongation 

cm/day 
8 _ + 1.26 1.80 1.40 
16 + _ 0.63 0.89 0.65 


* Data interpreted from figure 1C. 

** Day temperature: 23° C. 

*** Each figure is the average of 6 single plant replica- 
tions. 
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Fic. 2. Interactions of photoperiod (8 or 16 hrs), 
vernalization (0, 1, 4, 8, 12, 16 or 20 days), and biweekly 
applications of gibberellin (50 ug/plant) in the flowering 
of endive: A) The number of leaves below the developing 
inflorescences. B) The number of days to the appearance 
of the developing inflorescences. 


seedlings grown under long days. The maximal ef- 
fect of vernalization was achieved after 8 days as 
judged by the number of leaves developed below the 
inflorescence. Application of gibberellin again ac- 
celerated flowering under both photoperiods, especial- 
ly in combination with vernalization. It is of interest 
to compare the behavior of untreated but vernalized 
long day grown plants with that of treated but non- 
vernalized short day grown plants. Untreated vernal- 
ized (more than 8 days) plants grown under long 
photoperiod produced approximately 41 leaves before 
flowering. Treated but non-vernalized plants grown 
in short days characteristically produced this same 
number of leaves before flowering (fig 2A). As in 
the experiment of figure 1, number of days to the ap- 
pearance of flower parts was slightly greater in gib- 
berellin treated non-vernalized plants grown under 
short days than in untreated but vernalized plants 
grown under long days (fig 2B). This was particu- 
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lariy true at the highest (23° C) night temperature. 
It may be concluded, however, that gibberellin treat- 
ment is essentially able to replace completely both 
the effects of vernalization and of long day. 

in the preceding experiments gibberellin was ap- 
plied to growing endive plants, either vernalized or 
non-vernalized. In the following experiment the ef- 
fect of gibberellin treatment of the seed on the flower- 
ing response of the plant was investigated. Seeds 
were vernalized for 20 days at 4° C either in water or 
in solutions containing 0.1, 1, 10 or 100 ppm of gib- 
berellin. Control seeds were soaked for 2 days at 
25° C in water or in gibberellin solutions. The seed- 
lings (16 per treatment) were transferred to a green- 
house at a 20° C constant temperature and 16 hour 
photoperiod. Plants from gibberellin treated vernal- 
ized or non-vernalized seed showed rapid initial 
growth with somewhat enlarged leaves and slightly 
elongated stems. Only the plants from vernalized 
seed, however, produced seedstalks and flowered (15). 
Untreated, vernalized plants produced an average of 
34 leaves before flowering. Vernalized plants grown 
from seed soaked in concentrations of gibberellin above 
1 ppm produced 17 to 25 leaves before flowering, re- 
duction in number of leaves paralleling increase in 
concentration of gibberellin. Thus seed treatment 
with gibberellin during vernalization elicited a flower- 
ing response essentially similar to that elicited by 
vernalization followed by biweekly foliar gibberellin 
treatment of the growing plant (fig 1A and 2A). 


DISCUSSION AND CONCLUSIONS 


It is evident from the data presented above that 
gibberellin treatment of growing plants can replace, 
nearly quantitatively, the effects of vernalization (of 
the seed) and of long day (on the growing plant) in 
hastening flowering of endive. This is true whether 
time to flowering is measured by days or by numbers 
of leaves produced before appearance of the inflor- 
escence. It is also true, however, that application of 
gibberellin to growing vegetative endive plants causes 
seedstalk elongation and promotion of flowering 
only if such application is repeated frequently. A 
single application of gibberellin causes only a tempo- 
rary seedstalk elongation (8). Vernalization, is in- 
ductive (causes a persistent after effect) while gib- 
berellin treatment is not. 

Although continuing gibberellin treatment is able 
to replace most of the promotive effects of vernaliza- 
tion and of long day on seedstalk elongation and for- 
mation of inflorescences in endive, it is not able to 
make amends for unfavorable temperatures during 
growth. The optimum night temperature for stem 
growth of endive is about 17° C, (table II). This is 
true both of gibberellin treated and untreated plants 
although at all night temperatures the growth rate 
of the gibberellin treated plants is very nearly twice 
that of the untreated plants. Availability of gibberel- 
lin does not therefore appear to be the limiting factor 
for growth at the less favorable growing temperatures 
(10° C and 23° C). 
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SUMMARY 


Biweekly applications of gibberellin (50 or 100 
Hg per plant) were found to replace qualitatively the 
requirements both for vernalization and for long days 
for flowering of endive. This was true whether the 
flowering index used was number of days to the ap- 
pearance of the developing inflorescence or number 
of leaves produced before the appearance of flower 
parts. 

Gibberellin treated non-vernalized plants grown 
on short (8 hour) days were twice as tall at time of 
appearance of the inflorescence as untreated vernal- 
ized plants grown on long days (16 hrs). They 
nevertheless flowered almost as early, and after pro- 
ducing essentially the same number of leaves. 

Gibberellin treatment of growing plants (but not 
of seed) replaced both the vernalization and long 
photoperiod requirement for flowering, not only at an 
optimum temperature (23° day/17° night) but also at 
lower (10° night) and higher (23° night) tempera- 
tures. Gibberellin treatment did not, however, over- 
come the effects of the less favorable growing tem- 
peratures. 
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MALATE SYNTHETASE IN HIGHER PLANTS.! 
YUKIO YAMAMOTO? ann HARRY BEEVERS 
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Malate synthetase brings about the condensation of 
glyoxylate and acetyl CoA to form malate, according 
to reaction 1. 


CO-SCoA 4 COOH 


| 

CH, Malate synthetase 3 CH, 
+ > 

CHO H,O 





| 
2 CHOH+CoA-SH 


| | (a 
COOH 1 COOH 


The enzyme was first discovered in microorgan- 
isms by Wong and Ajl (14) and is one of the key en- 
zymes of the glyoxylate cycle described by Kornberg 
and Krebs (6). In earlier work we have shown that 
the enzymes of the glyoxylate cycle are present in the 
endosperm of the germinating castor bean (Kornberg 
and Beevers 8) and one of these, isocitritase, has been 
examined in some detail (Carpenter and Beevers 5). 
In this report a comparable investigation has been 
carried out on malate synthetase. Its distribution in 
a variety of plant tissues has been determined and 
some of the properties of the castor bean enzyme have 
been investigated. The results reinforce the earlier 
suggestions that malate synthetase and isocitritase, as 
components of the glyoxylate cycle are an essential 
part of the machinery by which fats are converted to 
carbohydrate. 


1 Received May 11, 1959. 

2 Recipient of Fulbright Travel Grant. Permanent 
Address: Biological Institute, Faculty of Science, Nagoya 
University. 


MATERIALS AND METHODS 


PLANT MaTertaLs Germination of the castor 
beans and the preparation of crude extracts (castor 
bean preparation) were carried out by methods de- 
scribed previously (8). Other seeds were germinated 
in a similar fashion on/vermiculite and grown in the 
dark at 30° C for the stated periods. Mature parts 
were cut from plants growing in the greenhouse. 

Lactobacillus arabinosus, adapted to malate, was 
grown by the method of Nossal (9) as modified by 
Stiller (11). Lyophilized cells were stored at 
—15°C. 

Special chemicals Sodium glyoxylate was ob- 
tained from Mann Biochemicals. Acetate-1-C!* and 
acetic-1-C'* anhydride at a rated specific activity of 
1 millicurie per millimole were supplied by Nuclear of 
Chicago. 

Acetyl-1-C'4-CoA was prepared from the anhy- 
dride by the method of Simon and Shemin (10). All 
measurements of radioactivity were made on BaCO, 
in a windowless gas flow counter and the results are 
corrected for background and self absorption. Com- 
bustions to determine the C'* content of substrates 
were carried out according to Stutz and Burris (13). 

Aceto-CoA-kinase was prepared from yeast using 
Berg’s (3) method to the stage of the first ammoni- 
um sulfate precipitation. It was stored in the frozen 
condition and maintained its activity over several 
months. The kinase was shown to have a low but 
detectable malate synthetase activity. In the results 
of those experiments in which it was used, these blank 
values (150-250 cpm) have been subtracted. 

All enzyme incubations were carried out at 30° C. 
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RESULTS 


Asay OF MALATE SYNTHETASE: In earlier work 
malate synthetase activity was detected by allowing 
the reaction to proceed in the presence of acetate- 
2-C'*. separating the products on a two-dimensional 
chromatogram and counting the C'* in malate. Iso- 
citritase was present in the extracts, and isocitrate 
usuaily was used as the source of glyoxylate for the 
malate synthetase reaction (8). 

This method suffers as an assay system for malate 
synthetase itself because, in addition to its slowness, 
the synthesis of malate depends on the ability of the 
extracts to convert acetate into acetyl-CoA, and on 
the activity of isocitritase. In the earlier work (8) 
it was shown that isocitritase activity was higher than 
that of the acetate activating system and of the malate 
synthetase in the crude extracts. In addition, it 
seemed that glyoxylate in substrate amounts was in- 
ferior to isocitritase + isocitrate as a source of gly- 
oxylate. 

In the present work, with different reagents, it 
was shown that glyoxylate was just as effective as 
isocitrate + isocitritase. The progress of acetate- 
1-C'* incorporation into malate is shown in figure 1. 
In all subsequent work, therefore, glyoxylate was 
added as the acceptor for acetyl CoA, and the synthesis 
of malate was thus independent of isocitritase activity. 

In an attempt to make the assay independent of 
the acetate activating activity of the extracts, acetyl- 
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+ GLYOXYLATE 


+ ISOCITRATE 


ACETATE -1-C'4 INCORPORATED INTO MALATE 
(C.PM. X 10°3/ML INCUBATION MIXTURE) 








Ll l l 
° 15 30 45 60 
MINUTES 


Fic. 1. Progress of acetate incorporation into malate. 
Standard assay conditions (table II) were used, except 
that an equimolar amount of pD-isocitrate was substituted 
for glyoxylate in one of the digests. 
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TABLE I 


DEGRADATION OF MALATE SAMPLES PRODUCED FROM 
AcetyL-1-C!14 CoA anp AcETATE-1-C14 
BY Castor BEAN PREPARATIONS 





C14 (cpm/mMc BaCO,) IN 
INDIVIDUAL CARBONS 


COOH-CHOH-CH,-COOH % oF To- 
ae TAL In C-4 





SUBSTRATE 


Y tex = 





93 % 
90 % 


94% 
151.0 96 % 


Acetyl-CoA 1) 2.1 1.0 38.1 
2) 13 0 12.0 


1) 0.9 15 35.8 
2) 5.6 0.4 


Acetate 





The malate was isolated chromatographically from 
digests in which glyoxylate and cofactors were supplied 
to those containing acetate-1-C!4+. No ATP or CoA was 
included in those digests in which acetyl-CoA was the 
substrate. One and two are separate experiments. 


1-C'*CoA was employed. As shown in table I, mal- 
ate synthesis was achieved with this substrate, in the 
absence of ATP and CoA. However, the instability 
of the acetyl-CoA and the necessity for chromato- 
graphic separation immediately before use make it an 
undesirable substrate for assay of malate synthetase. 
The use of aceto-CoA-kinase from yeast to augment 
the native acetate activating enzyme is described in 
a later section. 

An important fact which was established by the 
acetyl-CoA experiment and the parallel experiments 
with acetate-1-C'* (table I) is that the C'* is almost 
exclusively confined to the C-4 COOH group of mal- 
ate. This establishes that the condensation occurs as 
indicated in reaction 1 and further, that, once formed, 
the malate is stable; there is a negligibly small amount 
of randomization between the COOH groups of malate 
as might be expected if fumarase were active in the 
extracts. In addition, of course, the maintenance of 
this inequality of labelling in the COOH groups of 
malate precludes any possibility of its having arisen 
secondarily from succinate in a hypothetical direct 
back to back condensation of acetate. 

The enzyme assay system which was developed 
makes use of this localization of C!* in the malate 
and the specific decarboxylation at C-4 which is 
brought about by malate adapted Lactobacillus arabi- 
nosus. Acetate-1-C'* was used as substrate and at 
the end of the incubation the malate production was 
estimated by first stopping the reaction by boiling and 
then adding the incubation mixture (or an appropriate 
aliquot) with 50 micromoles of unlabeled malate 
(pH 5.7) toa Warburg vessel. A suspension of Lac- 
tobacillus cells was added after filling with N.. The 
CO, from C-4 was collected in KOH and the C'4 
content of the carbonate was determined. The total 
radioactivity in the carbonate was a measure of malate 
production from acetate; since the specific activity of 
the acetate-1-C't was known, malate formation in 
micromoles can also be calculated. It was established 
that residual acetate was not decarboxylated by the 
Lactobacillus. Malate synthetase activity of Lacto- 
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TABLE II 


Co-Factor REQUIREMENTS FOR MALATE SYNTHESIS 





ACETATE-1-C1!4 INCORPORATED INTO 
MALATE (CPM) 





AFTER 16 HR 


FRESH DIALYSIS AT 3° C, 





as) 8 ( StrrRED) 





Complete 
system! 
— Co. 


31,700 8,750 6,140 
122 115 8 


5 


— ATP 371 127 Ses 
1,740 379 


— Mg++ 10,121 
— aaeavinte 10,452 
— GSH 23,172 





1 The complete system (standard assay conditions) 
contained the following constituents in the stated amounts 
in micromoles. Potassium phosphate, pH 7.6, 60; 
glutathione, (GSH) 3.3; MgCl, 10; CoA, 13; 
CH,C4OONa 2.5 (1.7 x 105 cpm); ATP, 2.7; glyoxyl- 
ate, 3; castor bean preparation 0.25 ml in a final volume 
of 1.5 ml. Incubation time 30 min. 


bacillus preparations was shown to be virtually zero. 
The sensitivity of the method depends on the initial 
specific activity of the acetate. In most of our ex- 
periments 2.5 “M acetate containing about 100,000 
cpm C14 were added. Since malate decarboxylation 
is quantitative, the formation of more than 0.001 #M 
of malate can -be readily detected. 


MALATE SYNTHETASE FROM CASTOR BEANS: a) 
Co-factors for incorporation of acetate into malate: 
Previously (7, 8) the incubations were carried out in 
the presence of CoA, ATP, Mg*t and glutathione 
(GSH). The essentiality of these components is 
established by the results in table II. The effects of 
omitting CoA or ATP, components of the activating 
system, are particularly striking; in the absence of 
either, the incorporation was reduced to less than 1 % 
of the control rate. The omission of glyoxylate from 
the digests did not completely abolish malate synthesis 
by the fresh preparation, which presumably contained 
some endogenous source of glyoxylate (7). The es- 
sentiality of the glyoxylate was clearly established by 
the results with the dialyzed enzyme, in which malate 
formation was eventually reduced to about 6 % of the 
control rate. The decline in the activity of malate 
synthetase during dialysis was not appreciably greater 
than that which occurred when the enzyme was stored 
at the same temperature for a similar period. 

The influence of CoA and ATP is shown in figure 
2. The curves relating malate synthesis to co-factor 
concentration show a linear phase at concentrations 
lower than 1 mg/ml; at levels greater than this, sat- 
uration of the enzyme is approached. In the subse- 
quent experiments 1.5 mg. ATP (2.7 micromoles) 
and 1 mg CoA (1.3 micromoles) were added to each 
reaction mixture. 

b) Effect of enzyme concentration: The lower 
curve in figure 3 shows that malate synthesis is pro- 
portional to the amount of enzyme added over a wide 


range of concentrations. The amount of cnzyme 
usually added in the experiments was 0.25 ml ‘about 
2.5 mg protein). 

c) Effect of exogenous aceto-CoA-kinase: The 
capacity of the system to produce malate from «cetate 
can be strikingly increased by addition of the acetate 
activating enzyme from yeast (figure 3). In the 
presence of a fixed amount (0.2 ml) of aceto-CoA- 
kinase (determined to be an adequate amount in pre. 
liminary experiments) higher rates of malate forma. 
tion were obtained ; the rate of the reaction was again 
proportional to the amount of castor bean preparation 
which was added. These results confirm that the 
native acetate activating system is less vigorous than 
the malate synthetase; the maximum ability to pro- 
duce malate was not measured in the previous assay 
system, as suspected earlier (8). 

d) Effect of pH: When the malate synthesis 
reaction was carried out at different pH levels the 
data in table III were obtained. A broad optimum 
in the region of pH 6.8 to 8.0 is apparent. Effects 
on the acetate activating enzyme and the malate syn- 
thetase are compounded in this curve for the over all 
reaction. The standard enzyme assay was carried 
out at pH 7.6. 

e) Effect of age of seedlings: Rapid fat break- 
down begins only after 3 to 4 days of germination; 
several of the enzymes of the endosperm (1) as well 
as isocitritase (5) show very striking increases in 
activity at this time. A similar, though smaller rise 
is evident in the malate synthetase activity, measured 
in the absence of exogenous aceto-CoA-kinase (lower 
curve of figure 4). In the presence of the acetate 
activating enzyme a more striking rise is evident be- 
tween days 1 and 3; the activity per seedling remains 
at this high level, in contrast to the system in which 
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Fic. 2. CoA and ATP requirements for the produc- 
tion of malate from acetate and glyoxylate. In the ex- 
periment in which CoA concentration was varied, 1.5 mg 
ATP was added to all digests. In the (separate) ATP 
experiment, 1 mg CoA was added to all digests. Other 
conditions as in table II. Acetate: Sp.Act.: 5 x 104 
cpm/zM. 
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a 
° 





8 





wn 





1 1 1 1 
2 3 4 5 


AGE OF SEEDLING IN DAYS 





MALATE FORMATION PER SEEDLING (ENDOSPERM ONLY) 


ACETATE -C'* INCORPORATED INTO MALATE, CPM. x 10> 


The lower curve was obtained under 


the conditions shown in table II, except that the amount of enzyme was varied as indicated. The upper curve was 
obtained in a parallel series of digests to which 0.2 ml aceto-CoA-kinase were also added. Acetate: Sp.Act.: 


2.7 x 10* cpm/uM. 
Fic. 4 (right). 


Variation in activity of malate synthetase during germination of castor beans. 


Extracts were 


made at the times indicated; activity was measured under the standard assay conditions (lower curve). The upper 


curve was obtained when 0.2 ml aceto-CoA-kinase were also present. 


only native aceto-CoA-kinase is present. This latter 
fall can thus be ascribed to a progressive failure in 
the native acetate activating system, rather than to 
a decline in malate synthetase. It is important to 
note that malate synthetase can be extracted from un- 
germinated seeds, and that this can be done in the 
early stages of growth. Isocitritase was not detect- 
able at these times (5). 

f) Intracellular localization of malate synthetase. 
Enzyme extracts were usually prepared in dilute phos- 
phate and centrifuged at 10,000 x G for 15 minutes. 
However, if the blending was carried out in the medi- 
um employed earlier for preparing mitochondria and 
microsomes (1) the final supernatant had very feeble 
activity. (table IV). On the other hand, the par- 
ticulate fractions were highly active in malate syn- 
thesis when aceto-CoA-kinase was provided. The 
striking effect of the exogenous acetate activating en- 
zyme indicates that there had been a separation of 
endogenous activating enzyme and malate synthetase 
during the centrifuging (table IV). Although the 
microsomes have a high specific activity of malate 


Acetate: Sp.Act.: 5 x 104 cpm/uM. 


synthetase, the total amount of protein in these frac- 
tions is very small, (1) and a much higher percentage 
(about 60%) of the total activity in the original 
homogenate was recovered with the mitochondrial 
fraction (which had been washed by resuspension in 
sucrose phosphate). The enzyme so recovered can 
be readily displaced or eluted from the particles by 
simply transferring them to 0.01 M potassium phos- 
phate, pH 7.6. 


MALATE SYNTHETASE IN OTHER PLANT TISSUES: 
A variety of plant materials, listed in table V was 
tested for malate synthetase activity in the standard 
assay system (table II). The materials are listed in 
decreasing order of effectiveness in inducing malate 
synthesis in the presence of exogenous aceto-CoA- 
kinase. The ability to produce malate without benefit 
of this addition is shown in the first column of figures. 
Clearly, the enzyme is widespread, but there are very 
large differences in the malate synthetase activity in 
the tissues examined. It is noteworthy that those 
which gave extracts with high specific activity are 


TABLE III 


Errect oF PH oN MALATE SYNTHESIS 








— 5.6 6.0 


6.4 6.8 7.2 7.6 8.0 





Malate formation 
(cpm acetate-C14 111 
_ incorporated) 


964 


2,330 


3,740 2,990 3,290 3,280 





Standard assay conditions (table IT) were used, except that the potassium phosphate component was adjusted 
to the pH levels indicated. . Acetate: Sp.Act.: 5104 cpm/micromole. 
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TABLE IV 


MALATE SYNTHETASE ACTIVITY OF CELL FRACTIONS OF 
Castor BEAN ENDOSPERM 








MALATE SYNTHETASE ACTIVITY 
(CPM ACETATE-C!4 INCORPORATED 
/MG PROTEIN) 

— Aceto-CoA- + Aceto-CoA- 

KINASE KINASE (0.2 ML) 


FRACTION 





Washed 
mitochondria 

Microsomes 

Supernatant 


393 
169 
172 


3,450 
7,175 
290 
Standard assay conditions were used (table II). 
Mitochondria were obtained by centrifuging for 30 
min. at 10,000 x G after an initial 10 min. spin at 
800 x G. The microsomal fraction was that sediment- 
ing in 60 min. at 54,000 x G after removal of the mito- 
chondria. Acetate: Sp. Act.: 2.7 x 104 cpm/micromole. 





largely ones which have a high fat content and in 
which, furthermore, conversion to carbohydrate oc- 
curs. In some of the closely neighboring tissues, such 
as the castor bean embryo, malate synthetase activity 
is very low, and it is uniformly low in mature leaves. 

However, several other non-fatty tissues show 
clearly detectable activity, e.g., corn embryo and the 
pea cotyledon. It is of interest too that activity was 
still quite strong in the watermelon cotyledon even 
after eight days of growth in the light, but after a 
longer period it had virtually disappeared from the 
sunflower cotyledon. The enzyme is present in the 
castor bean endosperm when it is maturing on the 
parent plant. 

It can be concluded from the different degrees of 
stimulation induced by the exogenous aceto-CoA- 
kinase that the relative amounts of endogenous activa- 
ting enzyme and malate synthetase were not the same 
in each tissue. The most striking stimulation (70- 
fold) was that in sunflower seed which had just begun 
to germinate, but sizeable ingggases were observed 
in most of the other tissues. 

It should be emphasized that tissues other than the 
castor bean endosperm were not investigated inten- 
sively to find the age for best yields of malate synthe- 
tase. It is quite possible then that at some stage in 
its development the sunflower or even the peanut 
might be a superior source. 


DIscuSsSsIoN 


In the present work, by the use of acetyl-1-C'#-CoA 
it has been established that the malate synthetase re- 
action occurs as written in equation 1, and that the 
C'* in the malate which is produced remains almost 
exclusively in C-4. Parallel results of a similar kind 
have recently been described by Bradbeer and Stumpf 


(4) for peanut and sunflower preparations. Gly- 
oxylate and (isocitritase + isocitrate) are now shown 
to be equally effective as acetyl acceptors in the malate 
synthetase reaction. Absolute requirements for CoA 
and ATP were established when acetate, rather than 
acetyl-CoA was included. 
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It was shown that the endogenous acetate activa, 
ing system in the castor bean extracts was it capable 
of producing acetyl-CoA at a sufficiently rapic rate ty 
saturate the malate synthetase reaction; the < ddition 
of yeast aceto-CoA-kinase greatly improved tle rates 
of malate synthesis and allowed a more realis:ic Pic. 
ture of the capacity and distribution of malate syn- 
thetase itself. 

The possible limitation of the endogenous «ctivat. 
ing system was recognized in an earlier report (8) 
in which the rates of malate synthesis were consider. 
ably lower than those which would be required in 
vivo if the malate synthetase and glyoxylate cyck 
were major steps in the conversion of fat to carbo. 
hydrate. The present results show that this is in fact 
so, and when this limitation was removed, initial rates 


TABLE V 


MALATE SYNTHETASE ACTIVITY! oF PLANT Tissvgs 








ACETATE-C!4 INCORPORATED 
INTO MALATE (CPM/MG 
PROTEIN ) 


ADDITIONAL 
INCORPORATION 
ON ADDING 
YEAST ACETO- 
CoA-KINASE 





PLANT MATERIAL WITHOUT 
EXOGENOUS 
ACETO-CoA- 


KINASE 





Castor bean endosperm, 5-day-old 
seedling 

Soybean cotyledon, 5-day-old 
seedling 

Sunflower seed, 24 hr germination 

Watermelon cotyledon, 5-day-old 
seedling 

Pea cotyledon, 5-day-old 
seedling 

Peanut cotyledon, 5-day-old 
seedling 

Watermelon cotyledon, 8 days 
in light 

Vigna sesquipedalis cotyledon, 
2-day-old seedling 

Corn embryo, 5-day-old seedling 

Watermelon hypocotyl, 5-day-old 
seedling 

Castor Bean, maturing seed 

Vigna sesquipedalis, hypocotyl 
5-day-old seedling 

Wheat coleoptile, 
5-day-old seedling 

Castor bean embryo, 5-day-old 
seedling 

Sunflower cotyledon, 
3 weeks in light 

Castor bean, mature leaf 

Tomato, mature leaf 

Tobacco, mature leaf 

Barley, mature leaf 

Soybean, mature leaf 

Sunflower, mature leaf 


2,700 


4,072 
2,217 


1,917 
1,383 
1,694 
1,149 


oooceyeo 9° 





1 The various plant extracts were prepared by grind- 
ing a measured weight with an appropriate volume of 
0.05 M potassium phosphate pH 7.6. 

0.25 ml. of the supernatant solution obtained after 
centrifuging at 10,000 « G for 15 min was used in the 
standard assay conditions (table II). 0.2 ml of aceto- 
CoA-kinase was added as required. 

Acetate: Sp.Act.: 2.7 « 104 cpm/uM. 
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.ynthesis more than ten times those reported 
earlier, i.< : (about 10 micromoles/hr individual bean) 
were achieved. While this rate is still not in excess 
of that required to be completely convincing, it is suf- 
ficiently high to warrant the view that it is of impor- 
tance ani we regard it as subject to improvement by 
different extraction procedures. Using a different 
procedure, high rates of malate synthesis have been 
achieved in extracts of peanut cotyledons, (Marcus, 
personal communication ). The limitation imposed by 
the endogenous activating system when the malate 
synthetase reaction is measured in crude extracts 
would not be a consideration in vivo, when acetate 
units, already in the activated (CoA) form, are pre- 
sumably provided during B-oxidation of the long chain 
fatty acids (12). 

Malate synthetase is present at the earliest stages 
of germination but increases strikingly during days 
1 to 3. This increase is similar to that observed in 
mitochondrial enzymes (1) and in isocitritase (5). 
In contrast to isocitritase, however, the level of mal- 
ate synthetase per seedling does not decline in the 
later stages of germination, and furthermore, malate 
synthetase is present in the ripening and ungerminated 
seed. 

A substantial portion (60 %) of the enzyme pres- 
ent in a sucrose phosphate homogenate can be re- 
covered with the separated mitochondria. Although 
this association with the particles persists through 
washing in sucrose phosphate and sedimenting, it is 
readily broken on transfer to dilute phosphate 
(0.01 M) and the enzyme is found in the clear super- 
nate. When homogenates are prepared in dilute 
phosphate, the enzyme is recovered in the soluble 
phase. At the present time, the association of the en- 
zyme with the mitochondria is regarded merely as a 
fortunate circumstance in purification attempts 
(Yamamoto and Beevers, unpublished) ; other criteria 
for regarding the enzyme as a genuine mitochondrial 
component have not yet been met. 

From the experiments on distribution of the en- 
zyme, it is clear that germinating fatty seeds are the 
best sources of the enzyme (table V). However, 
other tissues such as pea cotyledons and corn seedlings 
have definite enzyme activity, and in general the dis- 
tinction between fatty and non-fatty tissues, though 
quite marked, is not as complete as it was for iso- 
citritase (5). The enzyme appears to persist longer 
in germinating seeds of watermelon than does iso- 
citritase, and it is present in the ripening and ungermi- 
nated castor bean. Nevertheless, it is clear that both 
isocitritase and malate synthetase are present together 
in the most active conditions in all of those tissues 
which are converting fat into carbohydrate and thus 
the present results are in accord with the proposed 
importance of the glyoxylate cycle in this conversion. 
In those non-fatty tissues in which it occurs, malate 
synthetase may play a role by replenishing C-4 di- 
carboxylic acids at the expense of glyoxylate gener- 


ated in some reaction other than that catalyzed by iso- 
citritase. 
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SUMMARY 


The malate produced from acetate-1-C'* (or 
acetyl-1-C'* CoA) and glyoxylate by malate synthe- 
tase from castor bean endosperm contains C'* almost 
exclusively in C-4. An assay system for malate syn- 
thetase was developed which makes use of this fact 
and of the ability of Lactobacillus cells to release C-4 
of the malate so produced as C'4O,. Absolute re- 
quirements for CoA and ATP were demonstrated for 
malate synthesis when acetate was used as substrate. 

The capacity of crude extracts of castor bean endo- 
sperm and other plant tissues to produce malate from 
acetate and glyoxylate is limited by their ability to 
convert acetate to acetyl-CoA. When aceto-CoA- 
kinase prepared from yeast was added, the rates of 
malate synthesis were considerably enhanced. Mal- 
ate synthetase was shown to be present in widely dif- 
ferent amounts in a variety of plant materials. Al- 
though the enzyme is not confined to those tissues 
converting fats in sugars, the best sources are fatty 
seeds in which this change is occurring, and which 
are known to contain isocitritase. 

During the second and third days of germination 
of the castor bean, the malate synthetase, which is 
present in the ripened seed, shows a striking increase 
in activity; it is maintained at this level for several 
days. The bulk of the malate synthetase activity of 
castor bean homogenates can be recovered with the 
mitochondria. 

The results reinforce earlier suggestions about the 
importance of malate synthetase and the glyoxylate 
cycle in the conversion of fats to carbohydrates. 
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IN LEAF SECTIONS OF PHLEUM ' 


Coniferyl alcohol, eugenol, and ferulic acid can be 
converted to lignin-like polymers in the presence of 
H.O, via a _peroxidase-catalyzed oxidation. This 
reaction can be brought about by tissue sections or 
cell-free extracts of woody and herbaceous plants 
(6, 10, 14). Furthermore, Neish and his coworkers 
(5) have shown that ferulic acid-@C** is an efficient 
precursor of the guaiacyl moiety of lignin of wheat, 
presumably by conversion to coniferyl alcohol. 

Since the position of eugenol in the scheme of 
lignin biosynthesis has been questioned by Higuchi 
(10), the lignin-like polymers produced by peroxida- 
tion in the presence of eugenol and ferulic acid have 
been restudied by means of different analytical tech- 
niques. The quantitative method for lignin deter- 
minations used in the previous studies (10, 14) is 
based on the weight of the residue insoluble in 72 % 
H.SO,, a technique originally devised for woody tis- 
sues. In order to obtain more reliable data for 
young, herbaceous tissues, determinations used in the 
present investigation are based on extraction of the 
lignin in 2% NaOH (4), followed by an estimation 
of the free phenolic groups (7), and determination 
of the ultraviolet difference spectra of the lignin ex- 
tracts (1, 2, 8). Timothy grass, Phleum pratense, 
was chosen as the test material because it is easy to 
grow and to study anatomically and biochemically, 
and mature shoots have been reported to contain as 
much as 30% of their dry weight as lignin (13). 
Results were obtained which show that there are both 
qualitative and quantitative differences in products 
from eugenol and ferulic acid. 


1 Received for publication May 22, 1959. 


2 Guggenheim Fellow at Harvard University, 1958 
to 1959. 
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MATERIALS AND METHODS 


Tissue samples were dried first in an oven at 70°C 
and then in a vacuum desiccator over CaCl, and 
H.,SO,. Dry weight values were either determined 
directly or were calculated from comparable samples, 
Lignin was determined as follows: after moistening 
with distilled water, the samples, containing 30 to 40 
mg dry weight, were ground in a mortar with ether 
until all the chlorophyll was removed, and then were 
thoroughly extracted with distilled water. The resi- 
due was extracted for about 16 hours in 2 to 3 ml of 
0.5 N NaOH at about 70° C. This technique is based 
on the method of Bondi and Meyer (4), who consider 
the extraction to be quantitative for young annuals, 
The supernatant and washes of the centrifuged resi- 
due were combined, neutralized to about pH 8.5 to 9, 
and were analyzed within 3 hours for their phenolic 
and ultraviolet absorbing contents. Some of these 
components were unstable after about 24 hours under 
these alkaline conditions. Re-extraction of the resi- 
due yielded no significant amount of ultraviolet ab- 
sorbing compounds. The residue was dried, weighed 
and tested for materials reacting with phloroglucinol 
and with Cl,-Na,SO, (9, 10, 14). 

Ultraviolet absorption spectra were determined on 
aliquots, one diluted with 0.05 N NaOH and the other 
with 0.05 M phosphate buffer at pH 7, the difference 
spectrum being obtained by subtraction (1, 2). Op- 
tical density readings were made in a Beckman spec- 
trophotometer at intervals of 5 to 10 mz from 230 to 
450 mz. 

Phenol analyses were made by a modification of 
the method of Gierer for native lignin preparations 
(7). Suitable aliquots (containing 1 to 3 #g phenol) 
of the extract in 0.55 ml of distilled water were added 
to 0.4 ml of 0.5 M tris (hydroxymethyl )aminomethane 
buffer at pH 9.0 and 0.05 ml of a freshly prepared 
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alcoholic solution containing 25 #g of 2,6-dichloro- 
quinonechlorimide (Matheson, Coleman and Bell). 
After 1 hour at room temperature, optical density 
readings were made at 610 m# with a Beckman spec- 
trophotometer, using guaiacol as a standard. Samples 
of native lignin preparations of birch and bagasse 
were kindly supplied by Dr. F. F. Nord of Fordham 
University, and were used as standards for convert- 
caliaie : ing the guaiacol values to mg of lignin. A conversion 
slike 3 factor of 32 (32 x mg phenol = mg lignin) was cal- 

4 $ culated from data on the bagasse sample; a similar 
of ace. : factor was obtained from birch lignin when it was 
Chem, i. corrected for impurities (64% purity according to 
Nord). Chemical data and ultraviolet absorption 
spectra for these preparations may be found in papers 
from Nord’s laboratory (16). Klason lignin analyses 
on hay preparations based on the residue insoluble in 
72 % H.SO, were made according to Hagglund (9, 
p. 326), followed by hot water washes of the final 
lignin residue. 

For the feeding experiments, 3 to 4 laminae (15-25 
cm long) from 1 to 3-month-old shoots (20-30 cm 
high) weighing 300 to 400 mg fresh weight were cut 
into 5 mm sections. These were floated in dishes on 
the surface of 10 ml of medium containing 0.05 M 
KH.PO, at pH 4.5 with 10-? M H,O, and 107? M 
eugenol or ferulic acid. Controls are described be- 
low. The ferulic acid was dissolved first in 1 ml of 
95 % ethyl alcohol, but some recrystallization generally 
occurred after addition of the buffer to a final volume 
of 10 ml. Only laminae which were unfolded and re- 
flexed at the point of the ligule attachment were used. 
After an incubation period of 24 hours at room tem- 
perature with occasional stirring, the sections were 
washed with distilled water and with 95 % alcohol, 
dried in the oven at 70° C and then in a vacuum desic- 
cator before being extracted as described above. His- 
tochemical tests were made on fresh and lactic acid 
cleared sections, using the phloroglucinol-HCl and 
Cl,-Na.SO, tests (9, 10, 14). 

The seeds of Phleum pratense variety climax were 
kindly supplied by M. A. Hein of the U.S.D.A., Belts- 
ville, Maryland. The timothy hay was from an un- 
known field-grown source. The green plants were 
grown in the greenhouse with supplementary light to 





DENSITY 


OPTICAL 





Fic. 1 (upper). Absorption spectra of a crude lignin 
preparation from young green shoots of Phleum pratense 
under neutral and alkaline conditions and the difference 
spectrum (AD). Each ml of solution in the cuvette con- 
tained an aliquot of a lignin extract equivalent to 190 
ug dry weight of green shoots, diluted either with 0.05 M 
phosphate buffer at pH 7 or with 0.05M NaOH at pH 
12.3. Blank cuvettes contained the buffer only. 

Fic. 2 (lower). Absorption spectra of a crude lignin 
preparation from hay of Phleum pratense under neutral 
and alkaline conditions and the difference spectrum. Each 
ml of solution in the cuvette contained an aliquot of a 
lignin extract equivalent to 111 ug of dried hay diluted in 
buffer as in fig 1. 
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give a total day-length of about 16 hours. 
the green plants used had flowered. 

The eugenol (Eastman Kodak Co.) was used di- 
rectly (i.e., aged) or was distilled under vacuum and 
the almost colorless fraction boiling at 120° C at 10 
mm Hg pressure was used immediately. The ferulic 
acid (Aldrich Chemical Co.) had a m.p. of 170 to 
171° C, and was, therefore, presumably the trans 
form. 


None of 


RESULTS 


COMPARISON OF LIGNIN EXTRACTED FROM YOUNG 
GREEN SHOOTS AND FROM Mature SuHoots (Hay): 
The ultraviolet absorption spectra at pH 7 (phos- 
phate) and pH 12.3 (NaOH), and the difference 
spectrum are shown in figures 1 and 2 for young green 
shoots (about 30 cm high and consisting of six leaves) 
and for mature grass (hay). If only the two neutral 
curves are compared, little difference would be de- 
tected between the extracts except in the sharper and 
larger maximum at 280 me in the case of the hay ex- 
tract. While the alkaline absorption curves show 
further variations, the difference spectra, in which 
the non-ionizable chromophores are eliminated, are 
much more descriptive. Both curves show peaks or 
shoulders at 250, 300 and about 350 mz, but the 
absolute and relative heights vary greatly. Hay ex- 
tracts are characterized especially by the large mini- 
mum in the region of 270 to 280 mz which is negative 
in value, and a large maximum in the region of 350 
m#. Non-conjugated phenols will give the 250 and 
300 peaks, while phenols with large conjugated side 
chains such as the hydroxycinnamic acid derivatives 
will account for peaks at wave lengths greater than 
300 mz (1, 2, 8). On the basis of these difference 
spectra, lignin extracts from hay differ from those of 


TABLE I 


CoMPARISON OF LIGNIN VALUES IN ExtTRACTS OF GREEN 
SHoots AND Hay or PHLEUM, AND BIRCH AND 
BaGAssE NATIVE LIGNINS 








LIGNIN 
UG PHENOL % DRY 
PER MG WT 


AD/mc 
UvV/PHENOL @ 
350 mu* 


5 





Bagasse _ 31 se 0.58 12. 
Birch 36 ’ 3.0 
0 
1 


Green shoot 1.8 6** 


Hay 5.2 17** 
16*** 


0.58 
0.56 


24 
9 


Literature citations: Lignin — % dry wt 


Green shoots 8—11*** (13) 
Green shoots 

Green shoots 

Hay-cut green and dried 

Hay-dried intact 


Hay-—dried intact 
* Peak between 340-360 mu 


** Based on phenol 
*** Based on 72 % H.SO. 
** Based on fuming HCl 


Q¥ee* (11) 
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green shoots not only in having a greater a 1ount g 
simple phenolic groups, but by the amount of gp, 
jugated side chains as indicated by the major increay 
in the 350 peak. 

Difference spectra made under comparabie cong. 
tions are shown in figure 3 for the native lignin 
preparation (see also 16) to illustrate variz tions jp 
the absorption in the 350 mz region. 

Data comparing the free phenolic groups of thes 
preparations are shown in table I along with values 
for the difference spectrum (AD) in the gener 
region of 340 to 360 me (“350” peak). The ratio 
between the ultraviolet absorption and the pheno 
content is an arbitrary but useful clue to the pres. 
ence of contaminating or interfering substances in 
the preparations analyzed. This ratio is merely the 
total optical density at 290 mz at alkaline pH clivided 
by the total #g of phenol calculated as guaiacol, 
Ratios for extracts of Phleum generally vary from 04 
to 0.8. Lignin values expressed as the % dry weight 
for hay from an average of three Klason analyses 
(72 % H.SO,) are shown for comparison along with 
values obtained from the literature. 


FEEDING OF EUGENOL AND FERULIC ACID TO GREEN 
LAMINAE: Experiments were devised to compare 
the lignin-like polymers produced by eugenol and by 
ferulic acid under conditions comparable to those 
used by Siegel (14) on pea, bean, and Elodea inter- 
nodes. Laminae were used because of their ease in 
handling; the first internodes gave similar results. 
Difference spectra obtained from an ultraviolet analy- 
sis of freshly distilled eugenol and ferulic acid are 
shown in figure 4. Similar spectra of extracts of 
tissue sections incubated for 24 hours with these sub- 
strates in the presence of H.O, are shown in figures 
5 and 6. Phenol and lignin values from these three 
experiments, expressed in terms of the dry weight 
of the tissue before incubation, are listed in table IL 

The eugenol reaction is a very complicated one. 
Higuchi (10) reported that he did not obtain any 
lignin-like product with carefully distilled eugenol, 
but only with aged preparations giving a strong 
phloroglucinol test. The aged eugenol used here was 
bright yellow in color and gave a very dark red-purple 
color with phloroglucinol-HCl. The redistilled frac- 
tion was essentially colorless and gave only a very 
faint pink with phloroglucinol-HCl after standing 
about 5 minutes with the reagent. The difference 
spectra, however, were similar except for a small peak 
in the region of 400 mz (about 3-4 % of the height 
of the 300 mz peak) in the aged preparation. The 
undistilled residue is dark brown and gives a strong 
phloroglucinol test. After approximately one week 
at room temperature, the distilled fraction had already 
become definitely yellow. Higuchi detected the pres- 
ence of coniferyl aldehyde in aged eugenol prepara- 
tions, but presented no quantitative data. The small 
absorption peak at 400 mz in the aged preparations 
would be expected if coniferyl aldehyde were present 
(2), but it represents only a small percent of the aged 
eugenol preparation. If the major product of aging 
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is a polymer, however, the spectral characteristics 
due to tic conjugated side chain could be blocked. 

Both cugenol preparations gave qualitatively sim- 
ilar but q:antitatively different results. Both showed 
a complicated reaction with the product appearing 
in three general areas; 1), in the external medium 
which became milky within 3 to 5 minutes after addi- 
tion of the green tissue sections; 2), in the water and 
ether insoluble portion of the tissue which is soluble 
in 2% NaOH; and 3), in the water and ether in- 
soluble portion of the tissue which is insoluble in 2% 
NaOH. 

The difference spectrum of the product precipi- 
tated in the external medium is shown in figure 4; 
no attempt was made to quantitate this product. It 
could be interpreted as a mixture of products similar 
to those of a Dehydrierungspolymerizat (DHP) of 
Freudenberg as analyzed by Aulin-Erdtman (2). 
Both Higuchi and Siegel (10, 14) indicate the produc- 
tion of a similar cloudiness. 

There was a small alkali-soluble product in both 
the aged and freshly distilled preparations, the differ- 
ence spectra of the former being about two times that 
of the latter in the 250 and 300 mz regions. This 
alkali-soluble product, however, shows a greater in- 
crease in the 300 mz region than at 350 mz; in fact, 
if the difference spectrum of the control is subtracted 
from that of the experimental one with eugenol and 
H,O., this derived A-A spectrum is somewhat similar 
to the spectrum of the product that appears in the 
surrounding medium. More experiments would be 
necessary to determine the possible significance of 
the slightly higher phenol content of the distilled 
eugenol extract in comparison to that of the aged 
eugenol extract. The tissues incubated with eugenol 
alone did not show any significant increases over that 
of the controls. 


A more dramatic difference appeared in the final 
residues, which contain mainly cellulose and hemicell- 
ulose. These same residues from either green laminae 
or hay showed no residual phloroglucinol or Cl,- 
Na.SO, tests. The residues from incubation mix- 
tures with both the aged and distilled eugenol gave 
very dark positive phloroglucinol tests which would 
be difficult to distinguish quantitatively to any degree 
of accuracy, but the weight difference of the final 
residues was quite different, with a significant weight 
increase in the presence of the aged eugenol plus 
H.O,. The slight weight increase in the presence 
of eugenol alone is probably not significantly greater 
than that of the controls. 

This reaction with eugenol and H,O, was evident 
to the eye during the incubation period when the tis- 
sue sections were examined, with an initial bright 
yellow color in parts of the sections turning to brown 
as reported by Siegel (14). Histochemical examina- 
tion of fresh sections showed a considerable increase 
in the phloroglucinol test, but unlike the findings of 
Siegel (14), not in the red color in the Cl.-Na,SO, 
test which is considered evidence of the syringyl nu- 
cleus (10). Furthermore, the increase in the phloro- 
glucinol reaction was not confined to the vascular 
tissue, but was observed in the cell walls between 
veins, especially in the case of the aged eugenol. If 
the sections are first cleared with lactic acid, which 
removes some of the lignin, the greater increase in the 
vascular tissue over that of the non-vascular tissue 
could then be seen clearly. 

The product of an incubation mixture containing 
ferulic acid and H,O., on the other hand, was con- 
fined to the alkali-soluble fraction, and the difference 
spectrum of this extract mimics that found in un- 
treated extracts of timothy hay (dotted curve of fig- 
ure 6), with a large negative minimum in the 270 to 
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EFFEcT OF PeroxIpASE ACTIVITY ON LIGNIN SYNTHESIS IN PRESENCE OF EUGENOL AND 
Ferutic Acip AnD H,O, Pius Sections oF LAMINAE OF PHLEUM PRATENSE 








LIGNIN 





uG PHENOL 


% Dry 
PER MG WT 


RESIDUE 


1 % Dry PHLoRO- 
350 My WT GLUCINOL 





AD/mc 
a 


uv/ 
PHENOL 





Buffer only 1.9 6 
Aged eugenol 2.0 6 
Aged eugenol 2.8 

+ 10-?M H.O, 


Buffer only 
Distilled eugenol 
Distilled eugenol 

+ 10-2M H,O, 
Buffer only 
Ferulic 
Ferulic 


0.5 0.29 13 one 
0.5 0.23 22 ? 
0.67 0.52 30 ++4++4+ 


0.75 0.25 17 ios 
0.65 0.22 ? 
0.54 0.40 +++ 


0.43 0.28 
0.44 0.35 


0.46 0.37 
0.56 0.55 
0.49 0.95 
0.40 2.1 
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STAFFORD—LIGNIN-LIKE 


region and an increase in the maximum at 
350 1. When alcohol was not added to the incuba- 
tion »:ixture to solubilize the ferulic acid, a similar 
but slightly smaller product was obtained. Again, 
as with eugenol, the tissues incubated with ferulic acid 
alone produced little extra lignin. Until more is 
known about the composition of the broad peak in the 
350 m# region, the slight shift in the absolute position 
of this peak when compared with that of the hay ex- 
tracts should not be unduly emphasized. 

This increase in the absorption at 350 mz is com- 
pared with the data obtained by the phenol test in 
table II, and the dependency of the reaction on high 
concentrations of H,O. is shown by the series of ex- 
tracts incubated with increasing amounts of H,O,. 
The increase in free phenolic groups at 10-? M H.O, 
was considerable, with little change in the uv/phenol 
ratio. If a correction is made for the increased 
weight of the tissues due to the new lignin, a value 
of about 31 % of the original dry weight of the tissue 
is obtained. Approximately 60% of the original 
ferulic acid added was converted into this new alkali- 
soluble lignin. This compares with a figure of not 
more than 10 % for the eugenol. 

The reaction with ferulic acid and H.O. could 
be followed with time by the observation of a red 
color which appeared in the veins first along the cut 
edge of the sections and subsequently throughout the 
veins or in isolated patches along them. A brown 
discoloration could be detected in the tissue in hetween 
the veins. The red color of the veins turned to 
brown during the drying process, but when the alkali 
was added to the water and ether extracted residue, a 
transitory reddish-orange color appeared which 
turned to a yellow-brown. Hay extracts. on the other 
hand, showed an initial deep yellow color which like- 
wise turned to a yellow-brown. When the veins 
were tested for lignin histochemically, a slight in- 
crease was observed of the red-purple color of the 
phloroglucinol test, and a more definite increase in 
the brown color in the Cl.-Na.SO, test typical of 
the guaiacyl nucleus. 
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DISCUSSION 


Studying the physiology of lignin formation has 
been hindered by lack of a suitable quantitative meth- 
od and incomplete knowledge concerning the actual 
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structure of lignin. The methods used in this study 
are more sensitive and supply more information than 
the Klason technique used by previous workers study- 
ing the peroxidase-catalyzed polymerization of 
phenolic compounds. Like all other methods, how- 
ever, interference with contaminants is a definite 
problem. The major contaminants in the alkali ex- 
tracts which contain mainly lignin and hemicelluloses 
are protein and flavanoids not removed in the water 
and ether extracts. Since probably they are present 
only in small amounts in these lignin extracts, it is 
felt that they do not account for any major fraction of 
the ultraviolet absorption measured. Tyrosine from 
protein would react in the phenol test if present in 
high concentrations, but it forms a red color rather 
than a blue one. Since ferulic acid in an unknown 
ester form is common in grass leaves (3), contamina- 
tion with this in a crude lignin preparation is also a 
problem. 

Aside from the peaks at 250 and 300 me in the 
difference spectra, which can be attributed to ioniz- 
able groups in simple phenols, the maxima in the 
general region of 350 me are probably composite 
curves representing a complex series of peaks due to 
different conjugated phenols. No attempt has been 
made to analyze these components (cf. 1, 2). Fur- 
thermore, quantitation of the 300 me peak is often 
difficult because of interference by the minimum at 
280 mz. 

The purity of eugenol is a major problem, and 
the apparent instability of a freshly distilled sample 
makes it a difficult compound to use with long incu- 
bation periods and heterogeneous enzyme systems. 
The lignin-like products are apparently complex and 
the major reaction product is atypical for Phleum 
in the sense that it is insoluble in the alkali which 
usually removes all phloroglucinol reacting compo- 
nents. The polymerization product of coniferyl alco- 
hol will be studied with these analytical techniques in 
order to assess the validity of the scheme proposed 
by Higuchi; i.e., that eugenol must first be converted 
to a product similar to coniferyl alcohol before being 
polymerized by peroxidase. 

Ferulic acid, on the other hand, produced a much 
more abundant lignin-like polymer which was soluble 
in alkali and was similar in spectral qualities to the 
extract from untreated timothy hay. Under the pres- 
ent conditions, nearly four times as much alkali- 





Fic. 3 (upper left). Difference spectra of native lignin preparations of birch and bagasse obtained under condi- 


tions comparable to those described for the Phleum preparations. 


The cuvette contained 10 ug per ml of the bagasse 


lignin and 8 ug per ml of the birch (the latter corrected for impurity). 


Fic. 4 (lower left). 


Difference spectra of ferulic acid (3 ug/ml) 


(dotted line), freshly distilled eugenol 


(4.3 ug/ml) (dashed line), and the precipitate in the external medium in the presence of Phleum tissue, distilled 


eugenol, and H,O, (DHP) (solid line). 
Fic. 5 (upper right). 


Difference spectra of the controls with buffer only and with eugenol only (solid line), 


the experimental mixture with freshly distilled eugenol and H,O, (dotted line) and the mixture with aged eugenol 
plus H.O, (dashed line). Each ml of solution in the cuvette contained an aliquot of a lignin extract equivalent to 


200 ug dry weight of the original tissue. 
Fic. 6 (lower right). 


Difference spectra of tissues of Phleum incubated in buffer only (solid line), and with 


ferulic acid plus H,O., (dashed line), and of the extract of hay (dotted line). Each ml of solution in the cuvette 
contained an aliquot of a lignin extract equivalent to 200 ug dry weight of the original tissue. 
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soluble lignin was produced from ferulic acid as from 
eugenol. The product from ferulic acid is not highly 
reactive with phloroglucinol, indicating a low propor- 
tion of free aldehyde groups (9). Unpublished re- 
sults indicate that the rate of reaction with ferulic acid 
is dependent on time up to 16 to 20 hours of incuba- 
tion, and does not occur in the presence of boiled 
tissues. The dependency of the reaction on H.O, 
indicates that peroxidase is presumably the enzyme 
catalyzing these oxidations as indicated by previous 
investigators (6, 10, 14). 

Although ferulic acid forms a product strikingly 
similar to that found in hay, the polymers formed in 
these experiments and in those of Siegel (14) and 
Higuchi (10) are subject to at least two interpreta- 
tions, especially concerning the dependency upon such 
high concentrations of H,O,. Although it is diffi- 
cult to determine the rate of peroxidase genesis with 
accuracy, data on peas obtained by Siegel and Galston 
(15) indicate that only about 10-*M H.O, would 
be produced over a 24 hour period by an amount of 
tissue comparable to those used in the present ex- 
periments. This is well below the concentration used 
in these phenol feeding experiments for a maximum 
response. One interpretation would be that the tis- 
sues have been subjected to non-physiological condi- 
tions both in regard to the rate of lignification and 
competition for the HO. by other enzyme systems. 
Another interpretation, however, is that the peroxidase 
of the tissue will form by means of a non-specific per- 
oxidative action on a variety of phenolic compounds, 
a series of lignin-like polymers some of which are 
natural and some unnatural to the plants. Further 
work from a physiological point of view is necessary 
to determine which of these interpretations is the 
correct one. Until then, it is perhaps better to speak 
of the peroxidative production of “lignin” or of lignin- 
like polymers. 


SUMMARY 


The lignin-like polymers produced by peroxidase 
activity of tissue sections in the presence of eugenol 
and ferulic acid have been restudied by means of im- 
proved analytical methods. These methods show 
qualitative and quantitative differences between the 
products of this oxidative polymerization. Lignin 
analyses were based on extracting the lignin in 2% 
NaOH followed by an estimate of the free phenolic 
groups by the quinonemonochlorimide method, and 
a study of the ultraviolet difference spectra of these 
crude lignin extracts. While freshly distilled eugenol 
still produced a lignin-like polymer in the presence 
of leaf sections of Phleum pratense, the amounts were 
small and a major product giving a positive phloro- 
glucinol test was insoluble in alkali: in general, aged 
eugenol gave a larger reaction. especially in the alkali- 
insoluble form. Ferulic acid, on the other hand, pro- 
duced a very large amount of a lignin-like polymer 
soluble in alkali similar to that found in mature timothy 
grass or hay. It is concluded that ferulic acid is 
much nearer to being a natural precursor of true 


lignin than is eugenol. The possible interpr+ tations 
of these peroxidase catalyzed polymerizaticns are 
discussed. 
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ETHIONINE INHIBITION AND MORPHOGENESIS OF EXCISED TOMATO ROOTS?! 
WILLIAM G. BOLL 2 
PLANT RESEARCH INSTITUTE, UNIVERSITY OF TEXAS AND CLAYTON FOUNDATION FoR RESEARCH, AUSTIN, TEXAS 


Replacement of the terminal methyl group of meth- 
ionine by an ethyl group gives the substance ethionine. 
Ethionine has been shown to be an antimetabolite of 
methionine in a number of biological systems in that 
inhibition by ethionine is reversed by methionine (16, 
35). The precise mode of action is not certain; it 
probably varies from one organism to another. Pres- 
ent evidence from work on animals (11, 14, 16, 26, 
27, 35) indicates that ethionine exerts inhibitory ef- 
fects upon 1) transmethylation, 2) conversion of 
methionine to cystine, 3) the lipotropic activity of 
methionine, 4) the incorporation of amino acids into 
proteins, and 5) the formation of certain adaptive 
enzymes. A recent report (20) attributes the in- 
hibitory effect on transmethylation to the formation 
of S-adenosylethionine, which serves as an ethyl 
donor, with the consequent formation of various ethyl 
analogs of metabolites which are normally formed as 
a consequence of transmethylation from S-adenosyl- 
methionine. 

This paper records effects, inhibitory and other- 
wise, of ethionine on the growth of excised tomato 
roots in sterile culture. The effects of some antago- 
nistic substances are also described. The purpose 
of the experiments was to obtain information regard- 
ing the possible metabolic relationships and physio- 
logical importance of methionine in the excised to- 
mato root. The main interest is in the morphogenetic 
consequences of controlling methionine metabolism in 
the root. A general discussion of growth and growth 
correlations, upon which the morphogenesis of the 
excised tomato root depends, is presented elsewhere 
(7). The present work, which has been presented in 
a preliminary report (5), is, to mv knowledge. the 
only record of the effects of ethionine on growth of 
plants, other than microorganisms. An exception 
is a paper by Schrank (22) who showed that the in- 
hibition of growth of oat coleoptile cells by ethionine 
was reversed by methionine. 


MATERIALS AND METHODS 


The general techniques are described elsewhere 
(2,3). The basal medium for all experimental media 
was that of White (34) except that sucrose concen- 


1 Received revised manuscript May 27, 1959. 
2Present address: Department of Botany, McGill Uni- 
versity, Montreal, Quebec, Canada. 


tration was 1.5 per cent and glycine and niacin were 
omitted unless stated otherwise. This basal medium 
contained thiamin and pyridoxin and, is referred to 
as TPy medium. TPy medium plus niacin is referred 
to as TPyN medium. Within any one experiment, 
initial pH’s of media were adjusted where necessary 
so that the pH of each treatment was approximately 
the same and within the range 4.8 to 5.0. 

The clone of excised tomato roots used as source 
of inocula was that designated as R5 (2). Cultures 
were harvested and measured on the sixth day after 
inoculation. Standard errors, calculated according 
to the method given by Snedecor (25), are included 
where necessary and are followed by the number of 
replicates in brackets. 

Three features of growth were recorded: 1) the 
final length of the main axis, 2) number of laterals 
(lateral number) and 3) total length of the ten basal 
laterals (lateral length). In addition, in some experi- 
ments, the lateral frequency was estimated. Lateral 
frequency is the number of laterals per mm of main 
axis calculated from the number of laterals divided 
by the length of main axis between the most basal and 
most apical lateral. 

All substances used as additions to the basal medi- 
um (TPy medium), with the exception of niacin and 
ethanolamine, were purchased from Nutritional Bio- 
chemicals, Inc. The ethanolamine was purchased 
from Matheson Company and the niacin from East- 
man Kodak. Unless stated otherwise, all substances 
included in any one medium were autoclaved in that 
medium. Pyrex sintered glass filters were used to 
sterilize certain solutions by filtration. New filters 
were autoclaved for prolonged periods in distilled 
water prior to acid cleaning and subsequent use. 


RESULTS 


The effect of t-methionine in TPy medium was 
tested over a wide range of concentrations (0.004 to 
4 uM) in three separate experiments. It did not 
stimulate growth of the main axis or lateral length; 
lateral frequency was decreased at 0.4 #M and higher 
concentrations. Inhibition of growth of the main 
axis commenced at 4.0 #M. 

The effects of adding pi-ethionine to TPy medium, 
and the effects of adding t-methionine at an in- 
hibitory concentration of ethionine, are shown in 
figure 1. Corresponding treatments in TPyN medi- 
um are also shown. 
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BOLL—ETHIONINE INHIBITION 


ix the absence of niacin (figure 1, top), ethionine, 
at concentrations below 11.9 y/liter caused a marked 
increase in growth in length of the main axis with an 
ever! more marked increase in number of laterals per 
root. It was qualitatively apparent that the increased 
number of laterals was due, at least in part, to an in- 
creise in the lateral frequency. The actual values 
for lateral frequency were 0.443+0.028* (9)* for 
TPy medium against 0.530+0.075 (9) for basal medi- 
um plus 5.96 y/liter ethionine. At higher concentra- 
tions of ethionine, growth of the main axis was in- 
hibited and the number of laterals per root decreased. 
The effect of concentration of ethionine on growth of 
laterals differed from that on growth of main axis. 
Inhibition of growth of laterals was observed at 5.96 
y/liter ethionine, but this inhibition was relieved at 
higher concentrations. Indeed, the growth of laterals 
became slightly greater than in the controls. This 
relief of the inhibition was correlated with the com- 
mencement of growth inhibition of the main axis. In- 
hibition by ethionine was completely reversed by an 
appropriate concentration of L-methionine. Note 
that with relief of growth inhibition of main axis, 
there was an increase in the inhibition of growth of 
laterals. Thus the progress of relief of inhibition, 
on adding methionine at an inhibitory level of ethio- 
nine, was the reverse of the progress of inhibition due 
to increasing concentrations of ethionine added to 
basal medium. High concentrations of methionine 
inhibited growth of the main axis, but this inhibition 
was accompanied by an increase in growth of laterals 
to levels greater than obtained in the controls. 

The effect of L-methionine in TPyN medium was 
tested in two experiments using concentrations of 
0.04, 0.12, 0.2, 0.4, and 1.2 #M. t-methionine did not 
increase growth of the main axis in either experiment. 
However, L-methionine, at all concentrations in both 
experiments, increased the lateral frequency and in 
one experiment there was a marked increase (24 %) 
in the lateral length. 

In the presence of niacin (figure 1, bottom), 
ethionine, at concentrations 11.9 y/liter and below, 
again caused a marked increase in growth in length 
of the main axis with a corresponding increase in 
number of laterals per root. The increase in lateral 
number was due, in part, to an increase in lateral 
frequency. The actual values were 0.404 + 0.022 (9) 
for TPyN medium against 0.486 + 0.041 (9) in the 
presence of 11.9 y/liter ethionine. At the lowest 
concentrations there was a marked stimulation in 


8 Standard Error 
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Fic. 2. Reversal of ethionine inhibition by homo- 
cystine or homocysteine in medium containing niacin 
(TPyN medium). Horizontal dash lines show values 
obtained with the control medium. Horizontal dot-dash 
lines show values obtained with the control medium plus 
an inhibitory concentration of ethionine (0.184 4M = 
30.0 y/liter). The symbols are as in figure 1. Each 
point is the mean of nine replicates. 


growth of laterals. This effect was not observed in 
the absence of niacin. Inhibition of growth of main 
axis occurred at lower concentrations than were re- 
quired to inhibit growth of laterals. It is uncertain 
whether the growth of laterals at 29.8 y/liter ethion- 
ine represents a removal of inhibition correlated with 
growth inhibition of main axis, as was the case in 
the absence of niacin. The probability of the differ- 
ence between growth of laterals at 11.9 y/liter ethion- 
ine and growth of laterals in the controls was < 0.2 
but > 0.1. The probability of the difference between 
growth of laterals in concentrations 5.96 and 11.9 
y/liter, however, was less than 0.5, indicating that 
growth of laterals was inhibited at 11.9 y/liter ethion- 
ine. Methionine at appropriate concentration, com- 
pletely removed the inhibition. In contrast to the 
effects obtained in the absence of niacin, the effects of 





Fxc:: i. 


iG. Inhibition by pt-ethionine (left) and reversal of the inhibition by t-methionine (right), in medium not 
containing niacin (TPy medium, above) and containing niacin (TPyN medium, below). Horizontal broken lines 
show values obtained with the control medium. Horizontal dot-dash lines show values obtained with control medium 
plus an inhibitory concentration of ethionine (0.184 uM — 30.0 y/liter). Each point is the mean of nine replicates. 
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increasing concentrations of methionine on growth of 
laterals were positively correlated with the effects on 
growth of main axis. However, relief of inhibition of 
growth of laterals occurred at lower concentrations of 
methionine. Furthermore, note that, with 1.24M 
methionine, the number of laterals per root was much 
greater than in the controls. The actual lateral fre- 
quencies were 0.419 + 0.015 (9) for TPyN medium 
against 0.516 + 0.077 (9) in the presence of ethionine 
and methionine. 

Ethanolamine, choline, and glycine-betaine, at con- 
centrations 0.4, 4.0, 20.0, 40.0, 200.0 and 400.0 uM, 
were tested for antagonism toward inhibition by ethi- 
onine. The concentration of ethionine was 29.8 
y/liter in TPyN medium. Neither choline nor betaine 
relieved the inhibition. Both substances were inhibi- 
tory at concentrations 200.0 and 400.0 #M. Addition 
of either choline or betaine to TPyN medium showed 
inhibition at 40 #M. Ethanolamine showed no ef- 
fect, inhibitory or otherwise, on growth of main axis 
or lateral number in medium containing the inhibitory 
concentration of ethionine. Inhibition of growth of 
laterals, however, was partly relieved at concentra- 
tions 20.0, 40.0 and 200.0 #M. 

The effects of pL-homocysteine (free base) and 
pL-homocystine on inhibition by ethionine in TPyN 
medium are shown in figure 2. The homocysteine 


was filtered sterile and the homocystine autoclaved in 
the medium. Homocystine relieved the inhibition 
completely at 80.0 #M. The concentration required 
for complete relief of growth inhibition of laterals 
was lower than that required for main axis. Homo- 
cysteine did not relieve the inhibition completely at 
any concentration tested. This result may have little 
significance, however, in view of the concentration 
at which homocysteine was toxic. 

Because of the known instability of the sulfur con- 
taining amino acids the effect of sterilization by filtra- 
tion was tested on the activity of homocystine. The 
results of two representative experiments are shown 
in table I. 

The concentration of ethionine was 17.9 y/liter 
in TPyN medium; thus the degree of inhibition of 
lateral root growth was slight. Homocystine showed 
maximum activity only when autoclaved in the medi- 
um. When the filtered solution was added to the 
medium and then autoclaved, the activity was the 
same (at least as measured by growth of main axis) 
as when the homocystine was added without prior 
filtration. Therefore, it is unlikely that the lower 
activity of filtered homocystine was due to loss on the 
filter or introduction of an inhibitory factor from 
the filter. Furthermore, the activity obtained by 
autoclaving the homocystine occurred whether the 


TABLE I 


Errect oF pL-HomocystineE (80 »M) AvurtocLtAvep (A) or FILTERED STERILE (F) on 
INHIBITION BY DL-ETHIONINE (17.9 y/LITER) In TPYN MEDIUM. 








FINAL LENGTH 
OF MAIN AXIS/ 
ROOT (MM) 


ADDITIONS 


NUMBER LENGTH OF TEN 
LATERALS/ BASAL LATERALS/ 
ROOT ROOT (MM) 





145.8 + 5.15*(8)** 


Ethionine 54.0 + 1.48(8) 
Ethionine +- 
homocystine (A) 
Ethionine + 
homocystine (F) 
added after 
autoclaving 
Ethionine + 
homocystine (F) 
added before 


autoclaving 


154.9 + 4.88(8) 
126.9 + 5.14(7) 


155.0 + 2.87(8) 


108.7 + 3.31(9) 


Ethionine 51.9 + 1.81(8) 
Ethionine + 
homocystine (A) 


Ethionine + 
homocystine (A) 
but autoclaved 
separately 


127.9 + 4.80(7) 


136.9 + 4.36(9) 


48.5 + 2.69 155.4 7.46 
20.6 + 1.13 129.8 + 5.22 


67.3 + 2.40 182.9+ 6.25 


38.4 + 1.72 147.3 + 15.47 


67.0 + 2.34 165.3 + 5.44 


36.9 + 2.44 
18.9 + 0.72 


150.2 + 14.01 
124.4 + 13.34 


50.7 + 1.82 141.9 + 9.85 


39.9 + 1.58 164.2 + 15.01 








variance - 
* Standard Error = \/ number of replicates 


** Number of replicates 
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homecystine was autoclaved in the medium or sepa- 
rately. The effect of autoclaving, therefore, was not 
depenient upon the presence of the medium. Note 
that growth in media containing autoclaved homo- 
cystine was significantly greater than in the controls. 
“A chromatographic analysis of fresh and auto- 
claved solutions of homocystine was made as follows: 
25 nig aliquots of DL-homocystine were weighed into 
three separate, graduated test tubes. To two of the 
tubes, double distilled water, and to the third tube 
TPyN medium was added to give a total volume of 
10 ml. The tube containing TPyN medium plus 
homocystine and one of the tubes containing water 
plus homocystine were then autoclaved for 30 minutes 
at fifteen pounds pressure. After cooling, the volume 
was readjusted. All three solutions were then centri- 
fuged and the supernatant decanted off. Repeated 
applications, each of approximately equal volume, of 
each solution were then made on Whatman No. 1 
paper and chromatograms run by the ascending meth- 
od at room temperature (approximately 32°C.) for 
16 hours using phenol: water (4:1) as the solvent 
and a solution of sodium cyanide in the chamber. 
The chromatograms were developed with ninhydrin. 
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The fresh solution, at high concentrations on the 
paper, produced two spots. One spot was large and 
presumably homocystine; the other spot was much 
smaller and relatively faint with an Rf value of 0.79. 
Mixed chromatography indicated that this smaller 
spot was methionine. The two autoclaved solutions 
both produced the spots corresponding to homo- 
cystine and methionine, and in addition a third spot 
with Rf value approximately 0.54. This spot was 
more marked with homocystine autoclaved in the 
standard medium. It has not been identified as yet. 
It did not correspond to homocysteine, or to products 
formed on oxidation of methionine, homocysteine, or 
homocystine by treatment with hydrogen peroxide 
and ammonium molybdate (9). There was no ap- 
parent increase in the intensity of the methionine 
spot after autoclaving the homocystine. Fresh or 
aged solutions of homocysteine, at high concentra- 
tions on the paper failed to show the presence of 
methionine or any spot corresponding to the unknown 
in autoclaved homocystine. There were, however, 
two unknown spots, each with pronounced tailing 
continuous to the origin. The approximate Rf values 
for the two spots were 0.63 and 0.87. In the solvent 
system used here, homocysteine and homocystine show 
approximately the same Rf values. It was not, there- 
fore, possible to determine whether the homocystine 
contained homocysteine or whether homocysteine was 
produced when homocystine was autoclaved. 

To assist in interpretating some of the data pre- 
sented above, figure 3 shows the results of an experi- 
ment in which desthiobiotin, an anti-metabolite for 
biotin (35), was added in a range of concentration 
to TPyN medium. The experiment was done twice 
with the same result on each occasion. Desthiobiotin 
increased the growth of the main axis and the lateral 
roots. Furthermore, at concentrations which did 
not affect, or which stimulated the growth of the main 
axis, desthiobiotin gave a marked increase in the 
lateral frequency. 


DISCUSSION 


The antagonism toward ethionine inhibition shown 
by methionine, homocysteine, and to a slight extent, 
ethanolamine indicates that these substances are re- 
lated metabolically in the excised tomato root. Such 
relationships are well established in animals and 
microorganisms (8, 32). In the work reported here 
choline and betaine failed to relieve inhibition by 
ethionine even though to some extent, ethanolamine 
would do so. This is unexpected in light of work on 
biosynthesis and function of choline (4). It is prob- 
ably a consequence of the low concentrations at which 
choline and betaine are toxic to the clone of excised 
roots used here. 

High concentrations of homocystine or homo- 
cysteine were required to effect the reversal of in- 
hibition by ethionine. That their activity was not 
due to contamination by methionine is indicated by 
the differences in their morphogenetic effects. Fur- 
thermore, no methionine was detected chromatograph- 
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ically in the homocysteine and it seems unlikely that 
the higher activity of autoclaved, compared with 
sterile-filtered, homocystine could be due to an in- 
crease in content of methionine. No such increase 
was apparent on the chromatograms. Whether the 
unknown substance detected in the autoclaved homo- 
cystine can account for the anti-ethionine activity of 
homocystine, remains to be determined. If the un- 
known is the effective agent, then it is possible that, 
in the excised tomato root, homocystine is not con- 
verted to homocysteine either at all, or at a rate great 
enough to provide an effective level of homocysteine. 
It has indeed been shown previously (4) that although 
methionine or homocysteine replaced vitamin B,, in 
the nutrition of the clone of roots used here, homo- 
cystine would not do so. 

The high activity of autoclaved homocystine, and 
the appearance therein of an unidentified, ninhydrin- 
sensitive decomposition product, may be relevant to 
some observations made with microorganisms. Thus 
under conditions where cystine was required for 
growth of Lactobacillus casei, replacement of the 
cystine by homocystine was much greater if the homo- 
cystine was autoclaved (21). The nature of the 
active principle has not been determined (private cor- 
respondence). Evidence has also been presented (13) 
for a factor (not B,, or choline) from liver which 
enables Tetrahymena gelleii to utilize homocystine. 

Until recently,.very little attention has been di- 
rected toward the use of cultures of excised roots for 
the study of factors controlling the morphology (or 
The morphology 


similarly the anatomy) of the root. 
is, in its grosser aspects, dependent upon the fre- 
quency of production of lateral roots, the growth 
rates of main apex and lateral roots relative to each 
other, and the degree of persistence of growth of in- 


dividual meristems.. Various surgical or nutritional 
treatments, including treatment with growth regula- 
tors, have revealed the existence of hormonal, cor- 
relative mechanisms in the excised root (7, 31). 
First, the growth of lateral roots is inhibited by the 
main apex and younger parts of the main axis. Sec- 
ond, the growth of the main apex becomes limited by 
the accumulation of an inhibitor(s) produced in the 
older parts of the root; certain antiauxins (7, 29) 
overcome the limiting effect of this endogenous in- 
hibitor(s), which suggests that it is an auxin-type 
growth regulator. Third, the production of lateral 
roots is, presumably, under hormonal control because 
both 3-indolylacetonitrile (IAN) (30) and naphtha- 
leneacetic acid (NAA) (7) increase the lateral fre- 
quency at concentrations which do not decrease cell 
length in the main axis. 

Ethionine, or various ratios of methionine (or 
homocystine) to ethionine, markedly affected the 
morphology of the root. The results suggest that 
ethionine affects the hormonal mechanisms in the root 
either directly or through an effect upon the metabo- 
lism of methionine in the root. Thus certain concen- 
trations of ethionine reduced the growth of the main 
apex but simultaneously increased the growth of 
lateral roots. In other words, ethionine reproduces 
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the effect obtained when the main apex is excised, 
This effect is also obtained with dichloroanisvle (7), 
2-diethylaminoethanol (6) and benzimidazole (un. 
published) but not with desthiobiotin (figure 3), 
sulfanilamide and thiouracil (unpublished). Thys 
this morphogenetic effect of ethionine is not simply 
a consequence of inhibition of the growth of the 
apical meristem. It may be attributed to an effect 
upon the hormonal system controlling growth of 
lateral roots. 

The effects of ethionine on growth in length of 
the main axis also indicate that ethionine affects the 
hormonal system which limits the growth of the main 
axis. At non-inhibitory concentrations of ethionine, 
growth of the main axis in the absence of niacin, and 
growth of both main axis and laterals in the presence 
of niacin was much greater than in the controls, 
Exogenous methionine did not decrease growth when 
added to either TPy medium or TPyN medium even 
at concentrations (1.2 #M) which removed ethionine 
inhibition. Therefore, it is unlikely that the stimula- 
tion of growth by ethionine was due to counteracting 
the effects of an inhibitory accumulation of endogen- 
ous methionine in the apex. Stimulation of growth 
by antimetabolites is not uncommon (35) ; it has been 
observed with some, but not all, of a number of anti- 
metabolites tested on the clone of roots used here. 
It is significant that growth of the main axis of ex- 
cised tomato roots was stimulated by the antiauxins 
a-(1-naphthyl-methylsulphide)-propionic acid (29) 
and dichloroanisole (compare above). Growth was 
also stimulated by desthiobiotin, an antimetabolite of 
biotin. Biotin is known to affect auxin action (19) 
and y-(3:4-ureylenecyclohexyl) butyric acid, another 
antimetabolite of biotin, inhibits tryptophane utiliza- 
tion by Neurospora crassa (23). It would, there- 
fore, affect indole metabolism. In contrast, four other 
antimetabolites tested on the clone used here did not 
stimulate growth when added to TPyN medium. 
These antimetabolites were 2-diethylaminoethanol 
(6), sulfanilamide, benzimidazole, and thiouracil (un- 
published results). With the possible exception of 
benzimidazole, the metabolites corresponding to these 
four antimetabolites are not known to affect auxin 
action. It is concluded that ethionine, or a product 
thereof, is antagonistic toward or affects the produc- 
tion of the endogenous auxin-type inhibitor(s) which 
limits the growth of the main axis (7, 31). 

The effects of ethionine and methionine on lateral 
frequency also indicate an influence of these sub- 
stances on growth regulators in the root. Ethionine 
increased lateral frequency in both TPy medium and 
TPyN medium. In contrast, t-methionine decreased 
lateral frequency in TPy medium but increased it in 
TPyN medium. This indicates that in TPy medium 
ethionine increased lateral frequency because it an- 
tagonized an inhibitory level of endogenous methio- 
nine. This cannot be the case in TPyN medium in 
which methionine and ethionine had the same effect. 
which suggests that both ethionine and methionine 
give a product which has the same effect as the growth 
regulators naphthaleneacetic acid (NAA) (7) and 
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3-indolylacetonitrile (IAN) (30). That exogenous 
ethiovine may have the same effect as the growth 
regzulutors is of added interest in view of the rela- 
tionship between auxin action and sulphydryl groups 
in shoot tissues (12, 15, 18, 24, 33). 

‘he stimulation of root growth by ethionine and 
desthiobiotin warrants comment in relation to a gen- 
eral problem of tissue and organ culture. Although 
tissues and roots of many different species have been 
successfully maintained in culture, many failures have 
been reported, particularly with roots of monocoty- 
ledonous species, even after detailed nutritional 
studies. It is possible that the limitation of growth 
may be due not to a deficiency of a metabolic inter- 
mediate but to production of a toxic quantity of a 
natural metabolite. Under certain conditions, a sup- 
ply of an appropriate anti-metabolite could then per- 
mit growth to occur. Therefore, where a question 
of culturability is involved, routine testing of anti- 
metabolites on the growth system may prove of value. 
In this connection it is worth noting that, with the 
clone of roots used here, the largest roots yet grown 
in a six day passage were in a medium containing an 
inhibitory concentration of ethionine and 80 »M homo- 
cystine autoclaved in the medium (table 1). An ex- 
ample of apparent accumulation of a metabolite in 
excised roots was found in the case of excised pea 
roots (10). Growth of the intact root on decotylised 
pea seedlings was less than that of the excised root. 
In the presence of adenine, however, growth of the 
seedling roots equaled that of the excised roots. The 
simplest interpretation of this is that adenine, which 
would otherwise be lost to the shoot, accumulated in 
the excised root and ceased to limit growth. 


SUMMARY 


Ethionine inhibited growth of excised tomato 


roots. The inhibition was relieved by methionine, 
homocysteine, homocystine, and, to a slight extent, 
ethanolamine. Choline and glycine-betaine were in- 
effective. The antagonism by homocystine was much 
greater when the homocystine was autoclaved either 
in the medium or separately than when filtered sterile. 
Chromatographic analysis of autoclaved and fresh 
solutions of homocystine showed the formation of a 
ninhydrin sensitive substance on autoclaving. This 
substance has not been identified. 

Growth of the roots was markedly increased by 
low concentrations of ethionine. This was not due 
to an antagonism toward an inhibitory level of endo- 
genous methionine and may represent an antagonism 
toward a native growth regulator. 

Ethionine and various ratios of methionine (or 
homocystine) to ethionine exerted profound effects 
on morphology of the roots, including an increase in 
frequency of production of lateral roots. Morpho- 
logical effects of ethionine varied with the presence 
or absence of niacin. 

Desthiobiotin, an antimetabolite for biotin. in- 
creased the growth of both main axis and lateral 


roots; it also markedly increased the frequency of 
production of lateral roots. 

The results are discussed in relation to the meta- 
bolic relationships of mcthionine and hormonal, cor- 
relative mechanisms involved in root growth. 

It is suggested that excised roots and _ tissues, 
which cannot as yet be cultured, may accumulate 
metabolites to toxic levels and that culture might be 
achieved by supplying an appropriate antimetabolite. 
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INFLUENCE OF EXTENDED STORAGE AT CONSTANT LOW TEMPERATURE ON 
COLD RESISTANCE AND CARBOHYDRATE RESERVES OF ALFALFA 
AND MEDIUM RED CLOVER? ? 

G. A. JUNG? anp DALE SMITH 
DEPARTMENT OF AGRONOMY, UNIVERSITY OF WISCONSIN, MADISON 


The effect of alternating temperatures on the main- 
tenance of cold resistance in overwintering plants 
probably depends on the length of time of each warm 
period and the maximum temperature reached. 
Dexter (4) found in laboratory studies that cold 
hardened alfalfa root segments lost cold resistance 
when transferred from 2° C to 12°C, but that re- 
hardening occurred when the tissue was returned to 
2° C provided sufficient carbohydrate reserves were 
available. Thus, cold resistance may be reduced dur- 
ing warm periods of the winter but the ability to re- 
harden and maintain cold resistance with the onset of 
lower temperatures is favored by the conservation 
of reserve foods in the overwintering plant parts. 
Bula and Smith (2) have shown that an average of 
49 % of the stored available carbohydrates in alfalfa 
and 57% of those stored in red clover were used 
during two winter dormancy periods at Madison, 
Wisconsin. 

Areas that have a heavy snow cover from late fall 
to early spring or where winter temperatures do not 
fluctuate greatly are not exposed to frequent changes 
in soil temperature. It would appear that under these 
conditions cold resistance would be maintained more 
easily and food reserves would be conserved. 

This study was undertaken to determine the length 
of time that alfalfa, Medicago sativa L., and medium 
red clover, Trifolium pratense L., could maintain a 
high level of cold resistance when stored at a constant 
low temperature and to study the associated decline 
in carbohydrate reserves. A similar study was con- 
ducted by Bula (1) but an insufficient number of 
samples prevented carrying the experiment to a point 
where the plants were reduced in cold resistance be- 
low that at the beginning of storage. 


MATERIALS AND METHODS 


Approximately 1,500 spring seeded plants of the 
Ladak variety of alfalfa, Medicago sativa L., were 
dug from the field on November 20, 1952. Seedling 
plants were taken to the laboratory and washed free 
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consin, 1958. 

3 Present address: Department of Agronomy and Plant 
Genetics, University of West Virginia, Morgantown. 
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of soil with cold tap water. Roots were then trimmed 
to approximately 8 inches in length and the stems to 
2 inches. All leaves and dead stem bases in the 
crowns were removed. The plants were separated 
into 17 samples, each containing 80 plants. Each 
sample was wrapped in moist gauze, covered with 
waxpaper, and stored in a low temperature chamber 
held at —2°C + 1°. Samples were moistened with 
water whenever the cloth showed signs of drying in 
order to prevent desiccation of the plants during 
storage. When the cloth was moistened, the plants 
were aerated to remove CO, which may have accumu- 
lated in the samples during storage. 

Approximately once a month, one sample was 
withdrawn from storage to determine the level of 
cold resistance of the plant tissue and the total avail- 
able carbohydrate content. The electrical conduct- 
ance method described by Dexter et al (5, 6) was 
used to measure the degree of cold resistance in the 
tissue. Dexter et al have correlated the outward 
diffusion of electrolytes and other substances from 
tissue injured by controlled freezing with the degree 
of cold resistance of the tissue by measurement of 
the electrical conductance of the water in which it is 
immersed following freezing. Alfalfa, red clover, 
and small grain varieties so examined fell into their 
proper order of hardiness in accordance with their 
observed field behavior. Decreasing conductivity 
readings indicated increasing cold resistance, and 
vice versa. 

Electrical conductance measurements were made 
at each sampling date on four, 10 gram sub-samples, 
requiring a total of from 10 to 15 plants. The tissue 
was placed in covered Petri dishes and frozen at 
—8°C for 4 hours. The tissue was then placed in 
25 x 200 mm test tubes and immersed for 20 hours 
in 50 ml of distilled water at 3° C. Specific conduct- 
ance readings were made on the liquid from around 
the tissue after the liquid was brought to 25°C. At 
each sampling date, 10 to 20 of the remaining unfrozen 
plants were taken to the greenhouse and planted in 
silica sand in 6 inch, porous, clay pots. After 21 
days, the number of live plants was counted and the 
per cent survival calculated. The total top growth 
produced by these plants was harvested and dried at 
70°C. The average survival and yield was calculated 
on the basis of ten plants. The rest of the unfrozen 
plants at each sampling date were oven dried and 
analyzed for total available carbohydrates as described 
previously (7). Carbohydrates were calculated as 
glucose on a dry weight basis (70° C). 
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A similar experiment was conducted with plants 
dug from the field on November 8, 1956. In this 
study, seedling plants of the Vernal variety of alfalfa, 
Medicago sativa L., and of the Wisconsin Common 
variety of medium red clover, Trifolium pratense L., 
were prepared and stored in the same manner as 
described above, except that aluminum foil instead 
of waxpaper was used to wrap the samples. Level 
of cold resistance and total available carbohydrate 
content of the tissue were determined as described 
above. However, the tissue was frozen for the con- 
ductance measurements at —6° C instead of —8° C. 


RESULTS AND DiscuUSSION 


The level of cold resistance (as indicated by speci- 
fic conductance readings), the percentage of total 
available carbohydrates, and the percentage of plants 
alive and the amount of recovery top growth produced 
by unfrozen plants in the greenhouse for each date 
of removal from storage for Ladak alfalfa during 
1953 to 1954 are given in table I and for Vernal 
alfalfa and medium red clover during 1956 to 1958 
in table II. 

The per cent of total available carbohydrates de- 
clined slowly in both the alfalfa and red clover stored 
at a constant low temperature. A high level of cold 
resistance was maintained in both species until the 
level of carbohydrates decreased to about 14 to 16 % 
of their dry weight. Thereafter, cold resistance be- 
gan to decrease. 

Although the level of total available carbohydrates 
at which cold resistance began to decrease was about 
the same for both alfalfa and red clover, this level 
was reached sooner in red clover than in alfalfa. Cal- 
culations based on a 12 month period of storage, 
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January to January (table II), show that <he totg 
available carbohydrates decreased 48% in Verna 
alfalfa and 71% in red clover. Thus, re! clove, 
appeared to be metabolically more active that: alfalia, 
This would be expected since the conductance data 
indicated that red clover developed and maintained 
less cold resistance than alfalfa. 

The length of time from initial storage to the 
point at which the legumes reached the level of total 
available carbohydrates where they began to cecrease 
in cold resistance appeared to depend upon the initial 
level of carbohydrate reserves and the level of cold 
resistance developed (level of metabolic activity), 
The high initial carbohydrate content accounted in 
part for the fact that a high level of cold resistance 
was maintained longer by the alfalfa in the 1956 to 
1958 experiment than in the 1953 to 1954 experiment, 

The lowest specific conductance readings were 
obtained for Vernal alfalfa on January 9, and for red 
clover on February 15, 1957. These plants had been 
in storage at —2° C since removal from the field in 
early November. On the other hand in additional 
tests, the alfalfa and red clover plants remaining in 
the field stopped increasing in cold resistance in mid- 
December. The average soil temperature 1 inch 
below the soil surface in November was 3.3° C and in 
mid-December —0.3° C. The average soil tempera- 
ture remained fairly constant after mid-December be- 
cause of snow cover. This indicated that temperature 
was probably a limiting factor in the development of 
cold resistance in the field and that the legumes 
probably were capable of developing more cold re- 
sistance than they actually did under field conditions. 
These observations agree with those of Bula et al (3). 
They found that a hardy alfalfa variety developed 
more cold resistance under field conditions at Palmer, 


TABLE I 


Speciric ConpucTIVITY IN RecrprocAL OuMs oF WarTEeR Extracts From LADAK ALFALFA Roots AND Crowns* 











DATES OF 
SAMPLING 
1953-1954 


CoNnDUCTANCE 
x 10-6 


% TOTAL 
AVAILABLE 
CARBOHYDRATES 


% PLANTS 


ALIVE IN GREEN- 
HOUSE 1 


YIELD 
TOPGROWTH IN 
S 1 





674 
677 
644 
759 
598 
753 
682 
812 
1,026 
955 
972 
1,006 
1,082 
1,171 
1,095 
1,181 
1,080 


Jan. 15, 1953 
Feb. 18 
Mar. 25 
Apr. 16 
May 20 
June 17 
July 21 
Aug. 18 
Sept. 18 
Sept. 23 

Oct. 2 

Oct. 15 

Oct. 21 
Nov. 13 
Nov. 25 


Dec. 3 
Jan. 5, 1954 


— tr 


SSR 


SoNNWOD 


100 


100 





* Removed from the field on November 20, 1952, and stored at —2° C for an extended period of time and then 


frozen at —&° 


C: the percentage of total available carbohydrates in the roots and crowns; and the recovery per 


10 plants from each stored sample following 21 days growth in the greenhouse. 
1 Plants taken directly frem storage and planted in greenhouse—not frozen at —8° C. 
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TABLE II 


SpeciFIC CONDUCTIVITY IN RECIPROCAL OHMS OF WATER EXTRACTS FROM 
VERNAL ALFALFA AND MepIuM Rep CLover Roots AND CrowNns* 














ALFALFA 


RED CLOVER 





% ToraL % PLANTS 

AVAILABLE ALIVE IN 
CARBO- GREEN- 

HYDRATES HOUSE ! 


CoNDUCT- 
ANCE 
x 10-6 


Dates OF 
SAMPLING 


1956-1958 


YIELD OF 
TOPGROWTH 
IN G! 


% ToraL % PLANTS 

AVAILABLE ALIVE IN 
CARBO- GREEN- 

HYDRATES HOUSE ! 


YIELD OF 
TOPGROWTH 
IN G} 


ConpuctT- 
ANCE 
ie: a 





Dec. 1i, 1956 291 
Jan. 9, 1957 260 
Feb. 15 280 
Mar. 15 355 
Apr. 1: 383 
May 358 
June 27 
26 
. 29 
.-3 
Yov. | 


». 30 

. 8, 1958 

i 
Apr. 3 
May 14 
June 27 
July. 28 


NDNKEUMSNDARPRNSSLORY 


755 35.6 
659 31.8 
610 28.8 
866 24.4 
915 20.8 
610 
938 
1,026 
854 
1,081 
1,370 
1,031 
1,063 
1,237 
1,336 
dead 
dead 
dead 


OA Om 


=N, NNN Re 
bh. Ww Noy 
&: SSSl2Rk 


dead 
dead 
dead 
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* Removed from the field on November 8, 1956, and stored at —2°C for an extended period of time and then 
frozen at —6° C; the percentage of total available carbohydrates in roots and crowns; and the recovery per 10 
plants from each stored sample following 21 days growth in the greenhouse. 

1 Plants taken directly from storage and planted in greenhouse—not frozen at —6° C. 


Alaska, than at Madison, Wisconsin. In their study, 
prevailing temperatures and day length were thought 
to be the limiting factors. 

The carbohydrate content of plants sampled from 
storage and from the field also was compared. Total 
available carbohydrates decreased less rapidly under 
storage than in the field. The total available car- 
bohydrate content on April 9, 1957, under field condi- 
tions was 20.1 % for alfalfa and 16.3 % for red clover. 
Similar carbohydrate contents under storage were 
not reached until about six and nine months after 
this date in red clover and alfalfa, respectively. 

The per cent of plants alive and the top growth 
produced in the greenhouse at each sampling date 
(tables I and II) gave a measure of the extent of the 
injury caused by continuous storage. Survival and 
top growth production appeared to be associated with 
the amount of available carbohydrates and cold re- 
sistance. 


SUMMARY 


The per cent of total available carbohydrates de- 
clined slowly in both alfalfa and red clover that were 
removed from the field in November and stored at a 
constant low temperature of —2°C. A high level of 
cold resistance was maintained in both species with 
storage at —2°C until the total available carbo- 
hydrates reached a level of about 14 to 16 % of their 
dry weight, after which cold resistance began to de- 
crease. This point was reached more rapidly in red 
clover than in alfalfa because of an initially lower 


carbohydrate level and a presumably higher level of 
metabolic activity. Also, this experiment indicated 
that alfalfa and red clover were both capable of de- 
veloping more cold resistance than they actually did 
under field conditions. 
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PHOTOCONTROL OF FORMATION OF RED KIDNEY BEAN LEAF 
TRIPHOSPHOPYRIDINE NUCLEOTIDE LINKED 


TRIOSEPHOSPHATE DEHYDROGENASE! 
ABRAHAM MARCUS 
BIOLOGICAL ScIENcEs BRANCH, AGRICULTURAL MARKETING SERVICE, 


INTRODUCTION 


The enzymatic oxidation of glyceraldehyde-3- 
phosphate is mediated by either DPN or TPN. The 
reaction involving DPN is present in both mammalian 
(6) and plant tissues, (11, 15) while that involving 
TPN (equation 1) has been found only in plant leaves 
1) p-glyceraldehyde-3-phosphate + TPN* + phos- 
phate = 1,3-diphosphoglyceric acid + TPNH + Ht 
(8,12). Hageman and Arnon (12) showed that the 
TPN triosephosphate dehydrogenase appeared only in 
leaves of seedlings that had been exposed to light. 
Since such exposure results in the formation of chloro- 
phyll, it was suggested (2, 12) that the TPN enzyme 
was associated with photosynthesis. 

The present investigation was designed to ascer- 
tain the nature of the light requirement for the for- 
mation of the TPN triosephosphate dehydrogenase. 
The possibility was considered that, like many of the 
light-controlled plant processes, (3, 7, 14) radiation 
in the red region would be the controlling factor. 
Such control by the photomorphogenic reaction would 
result in the formation of TPN triosephosphate de- 
hydrogenase in the absence of chlorophyll. The re- 
sults to be reported support this suggestion. 


MATERIALS AND METHODS 


The experiments were carried out with red kidney 
beans grown in sand (7). Flats were kept in a dark 
room for four days. On the fifth day, two flats were 
removed and given continuous light from two 40-watt 
fluorescent tubes (70 ft-c). Two other flats were 
given 5 minutes of red radiation (0.3 x 107* watts 
per cm?) (7) on four successive days (5th through 
8th) and returned to the dark immediately thereafter. 
A third set of flats was given 5 minutes of red radia- 
tion followed immediately by 5 minutes of far-red 
radiation (0.3 x 10-* watts per cm?) for four suc- 
cessive days. A fourth set of four flats was kept in 
the dark throughout. On the 11th day two of the 
flats in the fourth set were exposed to continuous 
light for 6 hours. The leaves were then rapidly re- 
moved from the various sets and blended with 7 vol- 


1 Received for publication June 3, 1959. 
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umes of acetone. After filtering on a Buchner fyp. 
nel an aliquot was removed from the acetone filtrate 
for chlorophyll estimation and the residue was blended 
again with 4 volumes of acetone. The suspension 
was filtered and dried in vacuo over P.O, for 24 
hours. The acetone powders were stored at —20°C 
and were assayed within a week after preparation, 
The powders were extracted by grinding in a mortar 
with 10 volumes of ice-cold 0.03 M phosphate buffer 
pH 8.5, containing 0.009 M ethylene diamine tetra- 
acetic acid and the suspension was centrifuged for 
20 minutes at 13,000 x G. The supernatant liquid 
was diluted appropriately with distilled water and 
assayed immediately for triosephosphate dehydrogen- 
ase activity. 

The assay mixture for triosephosphate dehydro- 
genase is given in table I. Aldolase and alcohol de- 
hydrogenase were crystalline preparations (Worth- 
ington). Protein was determined by the biuret re- 
action (10) and chlorophyll was estimated from the 
absorbance at 652 mz (1). 


RESULTS 
To ascertain whether the formation of TPN triose 


dehydrogenase required the concomitant formation of 


TABLE I 


PHOTOCONTROL OF TPN TriosE PHOSPHATE 
DEHYDROGENASE FORMATION 








CHANGE IN OD840 








UG nae 
SAMPLE DPN TPN TP 
PROTEIN DPN 
Complete light 90 0.079 0.070 0.89 
Complete dark 250 0.147 0.031 0.21 
Red light 75 0.063 0.051 0.81 
340 0.168 0.134 0.80 
Red-far red 60 0.060 0.013 0.22 
270 0.167 0.040 0.24 
Dark + 6hrs light 230 0.156 0.029 0.19 





The complete system contained 150 uM tris buffer pH 
8.5, 10 uM cysteine, 50 #M sodium arsenate, 50 ,.M sodium 
fluoride, 0.2 #«M DPN or TPN, 100 y aldolase, acetone 
powder extract and 2 “#M fructose 1,6 diphosphate in 3.0 
ml. The reaction was started by addition of fructose 
diphosphate. 
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chior phyll, one preliminary experiment was per- 
formed comparing light-grown leaves and leaves of 
plants given red radiation. The plants were allowed 
to grow 13 days and the leaf-acetone powders were 
prepared by the procedure of Hageman and Arnon 
(12), which differs from the procedure described 
above in requiring a preliminary homogenization in 
phosphate-versene. The leaves from plants given red 
radiation were elongated and showed no visible 
signs of chlorophyll. When assayed for triosephos- 
phate dehydrogenase (see legend of table I for assay 
conditions) the extract of the red-treated leaves was 
found to have somewhat greater activity with TPN 
than with DPN. The light-grown leaves showed 
about 30 percent more activity with TPN. It was 
quite apparent, however, that the TPN enzyme had 
been formed in the red-treated leaves under condi- 
tions where essentially no chlorophyll was formed. 

To relate the formation of the enzyme more di- 
rectly to the photomorphogenic control, a complete 
series of experiments was performed (see Materials 
and Methods). The leaves used in these experiments 
were removed after 11 days in order to prevent starva- 
tion effects in the non-photosynthesizing sets. The 
leaves were blended directly in acetone so that a direct 
measure of the chlorophyll content might be obtained. 
The results are given in change of optical density at 
340 mz between 0.5 and 3.5 minutes. Because the 
change in optical density was not completely propor- 
tional to protein concentration, comparisons were 
made with similar quantities of protein. Representa- 
tive data are shown in table I. When calculated as 
the ratio of activity with TPN to that with DPN, 
the conclusion is seen clearly. Thus, both the light- 
grown leaves and those treated with red radiation 
show TPN activity approaching that of DPN as com- 
pared to those grown in the dark. If the red radiation 
is followed by far-red radiation there is apparently a 
reversal of the promotive action of the red. [eaves 
grown for 11 days in the dark followed by 6 hours 
in the light have about five times as much chlorophyll 
per weight of leaf as the red-treated leaves. Yet the 
TPN activity is similar to those grown completely in 
the dark, further substantiating the lack of association 
of chlorophyll and the TPN triose dehydrogenase. 
The larger samples taken in the dark and far-red 
series were necessary in order to obtain measurable 
changes with TPN. 

The possibility that the TPN reduction in the ex- 
periment with red-treated leaves might be due to a 
side reaction, (i.e., the dephosphorylation of fructose 
diphosphate with subsequent reduction of TPN by 
glucose-6-phosphate dehydrogenase) was eliminated 
by finding that with the enzyme concentrations used, 
almost no reduction of TPN was obtained in the ab- 
sence of arsenate. (With higher concentrations of 
enzyme a reaction in the absence of arsenate was 
more evident.) In addition, preincubation of the ex- 
tract with 0.01 M iodoacetate for 5 minutes (9), com- 
pletely destroyed the capacity to reduce TPN. An 
additional possibility, namely, that the TPN reduc- 
tion was due to primary reduction of DPN followed 


by transfer to TPN via transhydrogenase (5) was 
eliminated by two types of experiments (table IT). 
In the first experiment, yeast alcohol dehydrogenase 
was allowed to reduce DPN with ethanol (16). No 
increase in optical density was obtained when TPN 
and leaf extract were added. In the second experi- 
ment, the extract (which contains TPN isocitric de- 
hydrogenase) was allowed to reduce TPN with iso- 
citrate. Further addition of DPN did not result in 
increased absorption at 340 mz. In either case, if 
the extract had contained transhydrogenase, the total 
increase in optical density upon addition of both DPN 
and TPN should have exceeded that obtained from 
0.10 ml of the reacting nucleotide. The data obtained 
show that only the specific nucleotide is reduced and 
that the extract does not catalyze a transfer from 
DPNH to TPN. 


DISCUSSION 


It appears from these data that the formation of 
TPN triosephosphate dehydrogenase is brought about 
by low-energy red radiation. The photocontrol of 
chlorophyll formation has been shown to occur in at 
least two stages (17). In the first stage, proto- 
chlorophyll is formed as the result of low-energy red 
radiation while the subsequent conversion to chloro- 
phyll requires longer periods of high-intensity red 
radiation. Thus, one might be tempted to consider 
an association of TPN triosephosphate dehydrogenase 
formation with synthesis of protochlorophyll. The 
subsequent dark period necessary for formation of 


the enzyme, however, as contrasted with the dark 


TABLE JI 


ABSENCE OF TRANSHYDROGENASE IN RED-RADIATED LEAF 
PREPARATIONS 








A ODs40 


Extract + DPN (0.10 ml) 0.000 
Extract + TPN (0.10 ml) 0.000 
Extract + DPN (0.10 ml) 

+ ADH 0.398 
Extract + TPN (0.10 ml) 

+ ADH 0.000 
Extract + DPN (0.03 ml) 

+ TPN (0.10 ml) 

+ ADH 0.127 


Extract + DPN (0.10 ml) 0.000 
Extract + TPN (0.10 ml) 0.337 
Extract + TPN (0.03 ml) 

+ DPN (0.10 ml) 0.107 


SUBSTRATE ADDITION 


Ethanol 





Tsocitrate 





In the experiment with ethanol, the complete system 
contained 2.8 ml of buffered semicarbazide (16) and 0.02 
ml ethanol. Additions were 0.0015M DPN or TPN, 
0.01 ml yeast alcohol dehydrogenase and 300 y of extract 
of leaves grown with red radiation in a final volume of 
3.0 ml. In the experiment with isocitrate, the complete 
system contained 100 uM of tris buffer pH 7.5, 40 #M 
D,L-isocitrate and 10 “#M of MgCl,. Additions were 
0.0015 M DPN or TPN and 300 y of extract in 3.0 ml. 
The optical density at 340 mz was followed until there 
was no further change. 
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period required for synthesis of protochlorophyll sug- 
gests there is a common controlling mechanism rather 
than a direct association between these processes. 
Another observation which may be more pertinent 
is the finding that plastid development (fusion of 
vesicular elements into lamellar structures) is initi- 
ated by low-intensity red radiation (13). Although 
complete plastid development was observed only under 
conditions allowing chlorophyll synthesis (high in- 
tensity light) the authors did not examine plastids 
of leaves kept in the dark after a period of low- 
intensity red radiation. Since brief low-intensity red 
radiation has been shown to initiate plastid develop- 
ment, it is reasonable to assume that complete de- 
velopment may require only a subsequent dark period 
of sufficient duration. With this possibility in mind, 
the formation of TPN triosephosphate dehydrogenase 
might be directly correlated with plastid development. 
Such a correlation would be consistent with various 
lines of evidence indicating that the enzyme plays a 
significant role in the photosynthetic process (4, 18). 


SUMMARY 


Extracts of red kidney bean leaves grown with 
brief exposure to red light show considerable TPN 
triosephosphate dehydrogenase, although no visible 
chlorophyll is present in the leaves. If the red radia- 
tion is followed by exposure to far-red, the promotive 
effect of the red light is nullified. It is concluded 
that TPN triosephosphate dehydrogenase formation 
is controlled by the photomorphogenic reaction. 


SUPPLEMENTARY NOTE 


After completing this work, it was brought to 
the author’s attention that Fuller and Gibbs (Abstract 
of 1956, Plant Physiology meetings 1956 xxxi) re- 
ported the presence of TPN triose phosphate dehydro- 
genase in a genetic albino barley mutant. This find- 
ing supports the contention discussed above that the 
formation of this enzyme is not directly related to 
chlorophyll formation. 
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INTRACELLULAR MECHANISM:-OF GROWTH INHIBITION 
BY RADIANT ENERGY”? 
“JAMES A. LOCKHART 


Division oF Brotocy, CALIFORNIA INSTITUTE OF TECHNOLOGY, 


Visible radiant energy retards stem growth of 
most higher plants. Growth inhibition is due prin- 
cipally to a decrease in cell elongation with little 
effect on cell numbers. This conclusion is supported 
by cell counts (22) and by the finding that growth 
inhibition occurs in the morphological region of elon- 
gation (11; Lockhart, unpubl.). An investigation 
has been made of the influence of radiation on various 
physical properties of elongating stem cells, to learn 
what phase of the cellular growth process is affected 
by irradiation. 

Elongation of stem cells takes place through the 
uptake of water and concurrent stretching of the cell 
wall. It has been established that the factor which 
causes cell elongation and controls rate is an increased 
plasticity of the cell wall. Yielding of the cell wall 
under stress of turgor pressure results in an increased 
diffusion pressure deficit (DPD) and resultant up- 
take of water (1, 15, 21). The reduction in growth 
rate of a plant stem as a result of irradiation could 
be due to effects on any of three factors which in- 
fluence DPD. 

Radiation could act by 1) reducing osmotic con- 
centration within the growing cells, 2) by reducing 
the plasticity of the cell walls, or 3) by reducing the 
rate of water movement through the tissue. 

Du Buy (2) investigated the effect of blue radia- 
tion on the plasticity of Avena coleoptile sections. 
Dark-grown, auxin-treated coleoptile sections showed 
an increase in plasticity (after 180 min) while ir- 
radiated sections showed no corresponding increase. 
Gessner (5) found that visible radiation, as well as 
other treatments which inhibit growth, reduced the 
plasticity of Helianthus hypocotyls. 

Priestley (17) examined the effect of brief daily 
irradiations on plasmolysis of epidermal cells of the 
pea epicotyl. He reported a difference in the ap- 
parent plasmolysis of dark-grown and light-treated 
tissues which he interpreted as a difference in the 
degree to which the protoplast adheres to the cell 
wall. Tt is noteworthy that he did not find this effect 
when the plants were irradiated for 3 hours immedi- 
ately prior to analysis. De Haan and Gorter (6) 
reported no difference in osmotic values of green- 
house-grown tall and dwarf peas. Galston and Hand 
(4) found the uptake of indole-3-acetic acid by stem 
sections was decreased by prior irradiation of the 
plants. 


1 Received. June 5,. 1959. 
? This werk was supported in wn: by the Herman 
Frasch Foundation. 
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In the present paper, effects of visible radiation 
on all three factors controlling cell enlargement have 
been investigated. 


MATERIALS AND METHODS 


Except when otherwise specified, the experiments 
reported here were performed with stem sections cut 
from 7- or 8-day-old etiolated Alaska pea seedlings 
(Pisum sativum). The seedlings were grown in 
complete darkness at 25 + 0.5° C with only brief ex- 
posures to low intensity green radiation. The details 
of culture have been described previously (12). For 
experiments with stem sections, 1.5 or 2 cm sections 
were cut 1 to 2 mm from the tip of plants having the 
third internode at least 35 mm long. Any plant with 
a node visible at the apex was rejected. Sections 
were cut with a double-bladed cutter and immediately 
placed in distilled water or other appropriate solution. 

The radiation source for all experiments described 
here was a single pink 48 inch fluorescent tube wrap- 
ped in two layers of 0.005 inch red cellulose acetate. 
Seedlings were placed approximately 30 cm from the 
tube giving an intensity at the growing region of 
about 150 ergs: cm~2-sec~1. For reasons discussed 
below, the standard irradiation period was 3 hours. 
Immediately after irradiation the sections were cut 
for use. All experiments were carried out under 
weak green radiation. 

For determining the time-course of growth, vigor- 
ous, uniform plants were selected and transferred 
intact to 2 dram polyethylene vials containing enough 
distilled water to immerse about a third of the root 
system. The plants were supported by cotton wrap- 
ped around the base of the stem and inserted into 
the vials. Plant growth was completely normal in 
these tubes over the duration of the experiments. 

The time course of growth was determined with 
an instrument developed to make shadowgraphs of the 
upper portion of the stems at 20 minute intervals. 
The shadowgraphs were made on 100 ft (30.7 m) 
rolls of Kodak 35 mm microfile (M 417) film. The 
film was advanced automatically hetween exposures. 
The light source for exposing the film was a 100 watt 
projection bulb in a 35 mm slide projector from which 
the projection lens had been removed. Light was 
filtered through a 12 mm Corning “Sextant green” 
glass filter. Plants were exposed to 3 seconds radia- 
tion (ca. 5 ergs: cm~*+sec~?) each 20 minutes. Ex- 
posure to this green radiation had no detectable effect 
on growth. Red radiation was from the same red 
source described above wired through the shadow- 
graph instrument so that it would be turned off when 
the. film shutter was open (15 sec every 20 min). 











After the film was developed the height of the stems 
was measured by projecting the shadowgraphs 
through a microfile reader. Heights were read 
against mm-square graph paper, and the data con- 
verted to natural scale. 

For determinations of plasticity the apical 5 mm 
of each 15 or 20 mm section was inserted in a hole 
drilled in an aluminum or stainless steel rod, which 
served as a weight. The basipetal end was inserted 
5 mm into a holder at an angle 45° from the vertical. 
Thus, a section of growing tissue either 5 or 10 mm 
long as close as 7 mm to the stem apex was subjected 
to the lateral force. Since the stem sections are 
seldom perfectly straight, the natural curvature of 
the sections was measured before the load was ap- 
plied, and the curvatures were measured every 2 
minutes for 15 minutes. (The first reading was 
made 1 min after the weight was applied.) The 
weights were then removed and the final, plastic 
curvature was measured 1-to 2 minutes later. Gen- 
erally, the plasticity of seven sections was measured 
simultaneously on a sawtooth-shaped Plexiglas holder. 
Plasticity determinations were made in an atmosphere 
with a relative humidity in excess of 90 %. - 

The method used for the determination of osmotic 
pressure has been described previously (14). Es- 
sentially, it consists of incubating stem sections in 
various concentrations of mannitol, then determining 
the deformability of the sections by bending. When 
a relatively light load is imposed (e.g., 150 mg), sec- 
tions bend only when plasmolysed. Furthermore. 
the magnitude of bending is found to be a linear func- 
tion of the degree of plasmolysis. This makes it 
possible to interpolate the experimental points to the 
osmotic pressure at incipient plasmolysis. 

The osmotic pressure of the expressed sap of 
dark-grown and irradiated tissues also was measured. 
Usually 20 mm stem sections were harvested and im- 
mediately frozen on solid CO.. The tissue was then 
placed in 2 ml hypodermic syringes and the sap ex- 
pressed into stoppered tubes. The sap was frozen 
and thawed immediately prior to osmotic pressure 
determination. Osmotic pressures were determined 
by the general method of Hill (10) as modified by 
Roepke (18). In essence this consists of measuring 
the temperature increase due to heat of condensation 
when a drop of the cell sap is placed in a water- 
saturated atmosphere. Two thermisters are sus- 
pended in a flask, a drop of cell sap is suspended on 
one, and a drop of water on the other. The thermis- 
ters are two arms of a wheatstone bridge. One of 
the other resistors is varied to measure the resistance 
(and the temperature) of the thermister surrounded 
by the drop of cell sap. The instrument is calibrated 
with sucrose solutions of known concentration. 

The statistical limits in the various experiments 
are given as standard deviations of the means. 


RESULTS 


T1imeE-CoursEe OF STEM GROWTH INHIBITION BY 
RADIATION: It is of both theoretical and practical 
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interest to establish the time-course of the response 
of etiolated seedlings following the onset of irradia. 
tion. The time-course of radiation inhibition js jj). 
lustrated in figure 1. In this experiment the growth 
of eight Alaska pea seedlings (7 days old) was meas- 
ured. Irradiation was begun at the time marked 
“Radiation”. The growth rate slightly decreased al- 
most immediately, but the main growth inhibition oc. 
curred approximately 100 to 120 minutes after the 
onset of irradiation. 

The results of this experiment indicate that the 
changes responsible for stem growth inhibition must 
occur within 120 minutes after the beginrting of ir- 
radiation. Thus, in the experiments described in this 
paper, irradiation treatments have been standardized 
at 3 hours. Stems are harvested immediately after 
irradiation and the appropriate experiments _per- 
formed. The use of this irradiation time should 
measure early changes causing growth inhibition and 
should minimize secondary effects which may be the 
result of either of growth inhibition or radiation. 


EFFECT OF IRRADIATION ON OSMOTIC PRESSURE: 
One possible mechanism of growth inhibition is 
through a reduction in the osmotic pressure of the 
tissue. To test this possibility a method for deter- 
mination of osmotic pressure has been developed 
(14), and used to compare dark-grown and irradiated 
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TABLE I 


‘)sMoTIC CONCENTRATION OF STEM CELLS OF 
DaRK-GROWN AND IRRADIATED PLANTS 





By incipient plasmolysis 


Dark 0.35 M 
Irradiated 0.36 
By expressed sap 
Dark 0.39 M 
0.39 


Irradiated 





tissues (see Materials and Methods). The osmotic 
pressure of dark-grown and irradiated stems is equal, 
as determined by this method, within the limits of 
experimental error (table I). 

Osmotic pressure of the expressed sap of irradi- 
ated and non-irradiated stem tissue was also found 
to be the same (table 1). 


TIME-COURSE OF EQUILIBRATION IN DARK-GROWN 
AND IRRADIATED TissuE: In spite of the fact that 
the osmotic concentration of dark-grown and irradi- 
ated plants was found to be the same, a difference in 
bending as a result of irradiation was observed in the 
plasmolysis method. Stems of irradiated plants were 
less bendable than those of dark-grown plants after 
plasmolysis in equal mannitol concentrations for stand- 
ard time periods. Such a difference could, presum- 
ably, be due either to greater mechanical strength (of 
the cell walls) of irradiated stems or to a decrease in 
permeability of irradiated tissues. A decrease in 
permeability (which would be of interest) would cause 
a delay in establishing equilibrium in irradiated tissues 
and would affect the validity of results with this 
technique. Equilibration time has been directly de- 
termined (fig 2). Twelve sections were used for 
each point; the conditions of this experiment were 
the same as those for osmotic concentration deter- 
minations. It is clear that the difference observed in 
the magnitude of bending of dark-grown and irradi- 
ated plants is not due to a difference in permeability 
of the two tissues, since the half-times for attainment 
of equilibrium in mannitol solution are substantially 
the same. 


PERMEABILITY OF PROTOPLASTS TO WATER: 
Growth inhibition might also be conceived as a radia- 
tion-induced reduction in the permeability of the cell 
to water. Two separate permeability factors must 
be distinguished. First, the true permeability of the 
cell membrane (either the plasmalemma or tonoplast) 
and, second, the rate of water movement across the 
tissue, presumably through the cell walls (discussed 
above). When water must be moved into and out of 
the whole tissue, membrane permeability probably is 
seldom limiting. 

Nevertheless, the effect of irradiation on water 
permeability of protoplasts was measured. A pea 
stem section, when split longitudinally and placed in 
a hypotonic solution, will curve outward to an equi- 
librium position. Plasmolyzed stem sections show 
no curvature while maintained in a plasmolyzing so- 





lution, but when transferred to distilled water they 
rapidly attain a marked outward curvature (fig 3). 
The absence of an epidermis in the region absorbing 
water and the short (maximum path ca. 0.3 mm) 
water path makes it highly unlikely that diffusion 
through the tissue would be limiting. In fact, the 
water probably must enter only the cells nearest the 
cut surface to cause curvature. This conclusion is 
confirmed by the observed rate of curvature (deplas- 
molysis). The half-time for curvature using this 
technique was found to be 20 to 25 seconds. The 
value was very reproducible. This figure compares 
favorably with known rates of water permeability of 
other types of cells (15). While this method cannot 
be claimed to be quantitative, comparisons between 
similar tissues measure relative water permeability. 

Twenty millimeter sections from irradiated and 
non-irradiated plants were plasmolysed in 1.0 M man- 
nitol for 2.5 hours. They were then split longitudinal- 
ly for a distance of 10 mm from the apical end and 
returned to the mannitol solution for 15 minutes. 
They were moved individually to redistilled water 
and the angle between the two arms was measured 
periodically for 5 minutes. Irradiated and non- 
irradiated sections were measured alternately. The 
results of one such experiment are illustrated in figure 
3. The average half-time for equilibration was about 
22 seconds in each case using four sections per treat- 
ment. Thus, no difference in permeability of cells 
of the two tissues can be detected. 

Trradiated tissue always showed a greater final 
angle of opening than dark-grown tissue on transfer 
to distilled water. When sections were transferred 
to M/20 phosphate buffer (pH 6.2), however instead 
of distilled water the equilibrium angles were equal, 
although the half-times to equilibrium were the same 
as in distilled water. The reason for the different 
responses in water and buffer is not understood. 


VAPOR PRESSURE OF WATER IN STEM TISSUES: 
Availability of water to the cells might also influence 
cell enlargement. It may be calculated that the ir- 
radiance necessary to give maximum stem inhibition 
(1.0 erg cm~? sec ~') could, at most, raise the tem- 
perature of the plant by about 1 x 1074° C. 

There is, then, no direct effect of radiation on 
water tension. Thus, any effect of radiation on water 
availability would have to be on water movement up 
the stem, or transversely from the xylem to the en- 
larging cells. (Plants without roots are also in- 
hibited by light; therefore the roots could not be 
responsible for reduced water movement.) A reduc- 
tion of water supply would restrict the amount of 
water moving into the elongating cells regardless of 
the plasticity of these cells. The rate at which water 
is lost from the tissue is a measure of the vapor pres- 
sure or DPD of the water in the stem. If water de- 
ficiency is, in fact, the cause of growth inhibition, 
the vapor pressure of water in the stem must be lower 
in irradiated plants. If the growth inhibition is due 
only to a decrease in cell wall plasticity, however. 
there should be no significant change in the potential 
rate of water loss. 
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fhe rate of water loss from dark-grown and ir- 
radiated stem tissue was determined by measuring 
the loss of weight of cut stems with time, and also hy 
measuring the change of relative humidity of dry 
air passed over the stems. 

Stems were cut from seedlings and the bases im- 
mediately sealed with wax (50% beeswax—50 % 
paratiin oil) melting at ca. 40° C. Stems were placed 
in a chamber and dry air (from a compressed air cyl- 
inder ) swept over the tissue, then past a set of humidi- 
ty sensing elements (American Instrument Company, 
Silver Spring, Md.). After appropriate amplification 
resistance of the sensing elements was recorded on a 
Brown recorder as a change in current. The area 
under the time curve is a direct measure of the amount 
of water lost by the stems. Several experiments 
failed to show any changes in rate of water loss as a 
result of previous irradiation (table IT). 


TABLE II 
Water Loss FromM ALASKA PEA STEMS 








Dark 
CONTROLS 


96 


IRRADIATED 


98 


By water measurement 
(in mg H,O/plant)* 
11.1 


By weight loss 10.4 


(in mg H,O/plant/hr) 8.9 8.8 
12.6 10.6 





The entire stems of 7-day-old Alaska seedlings were 
cut, the bases sealed with wax, and the measurements 
started immediately. Irradiation consisted of 3 hrs ex- 
posure to red radiation (ca 75 ergs+-cm~2+sec~!) im- 
mediately prior to harvest and measurement. 

* Total water lost during first 30 min (the period of 
rapid water loss) in completely dry air. Calculated from 
the area under plot of current. Flow rate over ten plants, 
1.5L per min. 


Alternatively, groups of stems wefe cut, the bases 
sealed, weighed and allowed to stand in a dark room 
(60% R.H.). Stems were reweighed each hour for 
3 hours. They were then oven dried and the dry 
weight determined. Typical results are presented in 
table II. In no case was the rate of water loss af- 
fected by prior irradiation. 

If growth inhibition actually was caused by water 
deficiency in the elongating region it might be ex- 
pected that inhibition would be prevented, or at least 
reduced, in a completely water-saturated atmosphere. 
A large sheet of blotting paper with its base immersed 
in water was placed around the plants in a glass 
chamber. The plants were irradiated (ca. 75 ergs 
cm~? sec~!) continuously. Radiation inhibition was 
compared with that of plants irradiated in a normal 
(85 % R.H.) atmosphere. In no case was decreased 
inhibition of growth observed in a water-enriched at- 
mosphere. This result, then, verifies the previous 
conclusion that growth inhibition is not caused by 
changes in water availability in the tissue. 
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EFFECT OF IRRADIATION ON ELASTICITY AND 
PLasticity: When stem tissue is placed under a 
tension, either internal (turgor pressure) or external 
(linear or transverse), two components of deformity 
may be distinguished (9). The reversible component 
is called elastic and the irreversible component plastic 
deformity. The irreversible or plastic stretch of cell 
walls is the component responsible for growth in 
length (together with the applied force), while the 
elastic component is apparently a coincidental property 
of the tissue (7). In classical plasticity determina- 
tions the tissue is subjected to an external force. The 
deformity is measured initially, as it continues with 
time under the imposed load, and after the load is 
removed. Plastic deformability may be measured 
either as the rate of deformation with time (after 
the preliminary elastic deformity) or, after the weight 
has been removed, as the amount of irreversible de- 
formation. Elasticity is the immediate, reversible 
component of deformation. 

For the present investigations the bending pro- 
cedure developed by Heyn (8) has been adopted as 
the primary technique. Two principal objections 
have been raised to the validity of conclusions drawn 
as a result of using this technique. First, the amount 
of irreversible bending observed may be, at least in 
part, due to the movement of water from the cells 
under compression to the cells under tension. Sec- 
ond, the irreversible bending may arise, in part, 
through a deformation of cell walls perpendicular to 
the stem axis. Further techniques developed by Heyn 
(cf. 9) have been used to eliminate the first possi+ 
bility. After bending has occurred the stem tissues 
are placed in 1.0M mannitol until completely plas- 
molysed (3-4 hours), and the deformity of the tissue 
is again measured. Thus deformation of the tissue 
may be measured in the absence of all turgor pressure. 

Table TIT shows the results of a typical bending 
experiment, in which elasticity and plasticity of the 
growing region of untreated (dark-grown) plants is 
compared with that of plants irradiated for 3 hours 
immediately prior to the experimental determinations. 


TABLE IIT 


Errect OF RED RADIATION ON PLASTICITY OF 
ALASKA PEA STEMS 








INITIAL FINAL 
CURVATURE CURVATURE 
(—wrT) (—wrT) 


Irradiated 11.5+1.3° 20.0 + 2.0° 
Dark 88+ 0.8° 35.0 + 2.2° 


ELas- 
TICITY 


PLas- 
TICITY 


TREAT- 
MENT 





8.5 + 1.6° 
26.2 + 2.0° 


12.5° 
23° 


After plasmolysis* 


Irradiated 11.5+1.3° 10.7+ 1.0° 0° 
Dark 88+0.8° 19.2 + 1.6° 10.4° 





Fifteen mm stem sections bent under a load of 1.5 °g 
for 15 min. 

Irradiation 3 hours. 
for 2.5 hours. 

* Only the final curvatures were determined after 
plasmolysis. 


Plasmolysis in 1.0 M mannitol 
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Six plants were used for each treatment. A com- 
parison of irreversible deformation of the stems and 
deformation after plasmolysis is included. The most 
conservative estimate of plasticity would, presumably, 
be the amount of curvature after plasmolysis. Re- 
gardless of the detailed interpretations it is obvious 
that plasticity of pea stem sections was greatly de- 
creased as a result of 3 hours irradiation. 

The change in stem plasticity with irradiation 
time is illustrated in figure 4. It is again evident 
that there was a substantial decrease in plasticity as 
a result of irradiation, measured here as the rate of 
bending. Furthermore, both the decrease in plas- 
ticity and inhibition of growth evidently occurred 
simultaneously (see fig 1). In fact, of course, it is 
impossible to conceive that cell wall stiffening, even 
as the cause of growth inhibition, could actually pre- 
cede growth inhibition in time. Any change in plas- 
ticity would simultaneously appear as a change in 
the rate of elongation. 


DETERMINATION OF PLASTICITY WITH A LONGI- 
TUDINAL Force: The second problem in interpreta- 
tion of the bending technique is that irreversible bend- 
ing may arise in part through a deformation of cell 
walls perpendicular to the stem axis (16). While 
this seemed unlikely, it could not be ruled out a priori. 
It was considered desirable, therefore to measure 
plasticity also by stretching stem sections parallel to 
the axis of the stem. 

In order that stem tissues be stretched to a meas- 
urable extent it was necessary to use tissues at zero 
turgor pressure. Killing the tissues by rapid freez- 
ing on crushed solid CO, has proved to be satisfac- 
tory. The tissues were thawed in distilled water im- 
mediately prior to the test. For stretching stem sec- 
tions, the stationary end was clamped between two 
aluminum blocks and the other end clamped in a 
needle holder, whose shank had been cut off and a 
hook attached. Both the stationary clamp and the 
needle holder. had been drilled out to about half the 
diameter of the stem, and then tapped. (The suc- 
cess of this system was not high, but it was the best 
which could be readily contrived). The lower clamp 
weighed 1.5 g and the load which was attached to the 
hook, 6.7 g. 

For stretching, two marks were made with lano- 


TABLE IV 


PLAsticity oF KILLED ALASKA PEA STEMS 
MEASURED BY A LONGITUDINAL ForRCE 








__ TREATMENT | PLASTICITY ELASTICITY 
Irradiated 0.4+08 22 O05 
Dark 3.8 + 0.7 44+ 0.6 
Irradiated 0.8 +: 0.3 4.2 + 0.6 
Dark 5.2 + 0.6 3.2 + 0.9 





Stretching of frozen-killed stem sections in micro- 
meter units (50 micrometer units per mm). The load 
was 6.7 g. Limits are standard deviations of the means, 
five sections per treatment. Two separate experiments 
are illustrated. 


lin-carbon ink on the stem about 1.5 mn apart. 
Distance between the two marks was measure: (with 
a horizontal microscope equipped with an ocular 
micrometer) before the load was added, 1 to 2 i:inutes 
after it had been added, and again after the weight 
was removed. Results of two experiments are pre- 
sented in table IV. Five stems were used {for each 
treatment. 

It is evident that plasticity, i.e., irreversible de- 
formation, of dark-grown stem tissue was m: irkedly 
greater than that of plants exposed to 3 hours of red 
radiation. This experiment, then, fully confirmed 
the results of bending experiments. Irradiation 
markedly reduced cell wall plasticity of the growing 
stem. 

In this experiment the potential plasticity (at the 
time of killing) was determined, while the bending 
experiments measured a combination of potential 
plasticity and the plasticity which was generated dur- 
ing the 15 minute bending period (cf. 3). 


INFLUENCE OF GIBBERELLIC ACID ON CELL WALL 
Piasticity: It has been reported previously th 
application of gibberellic acid will completely preve 
growth inhibition as a result of visible irradiatic 
(12). It was, therefore, of critical interest to dete: 
mine whether gibberellic acid also would prevent re 
duction in cell wall plasticity caused by irradiation. 

Uniform seven day old seedlings were selected an 
marked. Half were treated with 1.0 ug gibbe: 
acid (in 4 #1 ethanol) and the other half kept as 
trols. After 2 hours a portion of the treated ar 
portion of the untreated plants were irradiated te. 
2.5 hours. Immediately after irradiation stem sec- 
tions were cut and plasticity was determined by the 
bending method described above. 

The results of a typical experiment are illustrated 
in figure 5. It is clear that applied gibberellic acid 
completely prevented irradiation-induced decrease i 
cell wall plasticity. This result was entirely cor 
sistent with the observed prevention of growth inhib. 
tion by applied gibberellic acid. Gibberellic acid has 
no effect on the plasticity of the dark-grown plants, 
just as it has, generally, no effect on growth of Alaska 
pea seedlings in darkness. 


DISCUSSION 


These investigations were carried out on plants 
which had been irradiated for 3 hours immediately 
prior to the beginning of the analyses. This tech- 
nique should minimize secondary effects of irradiation. 
Changes observed in the tissue 12 to 24 hours after 
irradiation might well be the result of the reduced 
growth or of unrelated effects of irradiation. It is 
considered of critical importance to analyze the elon- 
gating tissue as it exists in the growing plant. 
Growth responses of excised pea stem sections are 
clearly different from those of comparable intact tis- 
sue (4); therefore, changes which occur as a result 
of treating excised sections may not reflect similar 
changes in the intact plant. In all experiments re- 
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physicil properties of the cells were determined im- 
mediately after excision from the plant. 

i'xperimental results presented here demonstrate 
that visible radiation retards stem growth by prevent- 
ing normal plasticity increases in the cell wall. It 
has already been demonstrated that radiation-induced 
stem inhibition takes place through a reduction in the 
effective gibberellin level in the plant (12, 13). This 
means, then, that a reduction in endogenous gibberel- 
lin results in a decrease in cell wall plasticity. This is 
supported here by the demonstration that applied gib- 
berellic acid prevents the radiation-induced plasticity 
decrease. Thus, it may be concluded that the mecha- 
nism of action of gibberellin is through an effect on 
cell wall plasticity. 


SUMMARY 


The intracellular mechanism by which visible 
radiation inhibits stem growth has been investigated 
in Pisum sativum, variety Alaska. 

It is shown that the inhibition of growth begins 
pproximately 120 minutes after the onset of radiation. 
Therefore, the physical properties of stem tissue were 
tudied approximately 180 minutes after the onset of 
rradiation (i.e.. very soon after growth inhibition 
vas evident), and compared with the properties of 
non-irradiated tissue. 

No difference was found in the osmotic concentra- 

s or in the water permeability of cells of irradiated 

non-irradiated tissue. Plasmolysis proceeded at 

al rates in dark-grown and irradiated tissue. 

apor pressure of water in dark-grown and irradiated 

tissue was found to be equal, indicating that water 

deficiency is probably not causally related to irradia- 
tion effects. 

The plasticity of turgid and of killed stem sections 
was markedly reduced as a result of prior irradiation. 
The time-course of change in plasticity closely paral- 
eled the change in growth rate. It is concluded that 
‘sible radiation inhibits stem elongation through an 
interruption or blocking of normal cell wall extension. 

_Gibberellic acid treatment is known to prevent 
radiation-induced growth inhibition. It has been 
shown here to prevent radiation-induced plasticity 
decrease as well. It may be concluded from these 
results that the mechanism of action of gibberellin is 
through an effect on cell wall plasticity. 
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BIOLOGICAL ACTIVITY OF TETRAZOLE ANALOGUES OF 





INDOLE-3-ACETIC 
ACID AND 2,4-DICHLOROPHENOXYACETIC ACID"**. 


R. H. HAMILTON 
Crops ReseArcH Drvision, AGRICULTURAL RESEARCH SERVICE, UNITED STATES DEPARTMENT OF AGRICULTURE 


The present report is concerned with the bio- 
logical activity of two growth substance analogues 
in which the tetrazole group has been substituted 
for the carboxyl group. The structure of these com- 
pounds, 5-(3’-indolemethyl)tetrazole (IMT) and 5- 
(2’, 4'-dichlorophenoxymethy])tetrazole (2,4-DT) is 
as shown below: 






An extensive program of synthesis and testing of 
tetrazoles has been conducted by Herbst and asso- 


ciates (2, 3,.5, 7, 15). Tetrazoles substituted only 
in the ring carbon (R-CN,H) are acids having one 
dissociable hydrogen. When R is alkyl, the deriva- 
tives are slightly weaker acids, while when R is 
aromatic the derivatives are somewhat stronger acids 
than the corresponding carboxyl compounds (5, 11, 
15).. Herbst proposed the use of these derivatives as 
analogues of biologically important carboxyl com- 
pounds. The plant growth regulating activity of 
these compounds is of interest since only a few growth 
substances without a carboxyl group (or group con- 
vertible to a carboxyl) are known. Veldstra (12, 13) 
reported activity for several sulfonic, phosphonic, and 
phosphonous acids, Growth promoting activity of 
some tetrazole derivatives was reported by Van de 
Westeringh and Veldstra (11), subsequent to com- 
pleting the present studies. A brief preliminary re- 
port of the present work has appeared (4). 

It will be shown that IMT promotes elongation 
of Avena coleoptile sections and antagonizes growth 
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induced by indole-3-acetic acid (IAA) and 2,4-4- 
chlorophenoxyacetic acid (2,4-D) in a manner ex- 
pected for a weak auxin. By contrast, 2,4-DT does 
not promote growth in the Avena assay and inhibits 
both 2,4-D and IAA induced growth. Additional 
data suggest that the inhibition of 2,4-D_ induced 
growth by 2,4-DT may be partially explained by in- 
terference of 2,4-D uptake by 2,4-DT. - 


METHODS 


IMT and 2,4-DT were synthesized by reaction of 
the nitrile with aluminum azide and sodium azide 
respectively. The details of synthesis and character- 
ization are to appear elsewhere (7). The purity of 
IMT was examined by chromatography of 1 mg 
quantities of IMT on Whatman No. 1 paper using 
isopropyl alcohol/ammonia/water (8:1:1);  pyri- 
dine/ammonia (4:1); and 77 % ethanol as ascending 
solvents. In the last two solvents IMT ran slightly 
above IAA and when sprayed with Ehrlich’s reagent 
(1% p-dimethylaminobenzaldehyde plus 8.5 % cone. 
HCl in 95 % ethanol) gave a purple spot changing 
to yellow. No IAA or indole-3-acetonitrile was de- 
tected as contaminant of the IMT. Since, under these 
conditions, 0.2 ug of IAA or the nitrile could have 
been detected, these compounds could not account for 
the growth promoting activity of IMT. 

Victory oats were husked, soaked in tap water, 
and placed embryo up on the edges of plastic blocks 
covered with moist filter paper. The seedlings were 
exposed to continuous low intensity red light at 25° C 
and 95 % humidity for about 60 hours. Coleoptiles 
25 to 35 mm in length were selected and one 6.5 mm 
section was cut 2 mm from the tip. In some experi- 
ments, the primary leaf was removed, but in most 
experiments it was not. The sections were floated 
in Petri dishes on 10 ml of 0.01 M KH,PO, buffer 
pH 4.5 containing 2% sucrose. Concentrated stock 
solutions of the growth regulating acids were pre- 
pared by dissolving the acid in a slight molar excess 
of alkali. Growth was measured at 5, 10, and 20 
hours on the same lot of sections by means of a bi- 
nocular microscope with an ocular micrometer. The 
5 and 10 hour measurements were made as rapidly as 
possible using illumination from a 7.5 watt red safe- 
light. Experiments indicated that sections measured 
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at 5 and 10 hours had not elongated significantly less 
at 20 hours than sections measured after 20 hours only. 
All daia represent the average of at least two or three 
experiments using about 25 sections per treatment 
dish. 

Seeds of bean (Phaseolus vulgaris, var. Wax 
Pencil Pod) were planted in soil in the greenhouse 
and used at the primary leaf stage just before the 
terminal bud unfolded. Solutions of growth sub- 
stances used for treatment were in 95 % ethanol plus 
0.1 % Tween 20, and treatments made by application 
of a 10 #l drop to one primary leaf. 


RESULTS 


5-(3'-INDOLEMETHYL) TETRAZOLE: The growth 
rate of Avena sections used in these studies was not 
a linear function of time but tended to decrease slight- 
ly at the longer incubation times. The buffer used, 
pH changes during incubation, successive measure- 
ment, or the particular lot of seed used did not ac- 
count for the non-linear growth. The time course 
(fig 1) represents the average of a number of experi- 
ments. Although the deviations from linearity were 
not large, they were consistent. A low growth rate 
for the control sections, and to some extent for the 
2,4-D treated sections, was noted during the first 5 
hours. Only growth measurements obtained after a 
10 hour incubation are here presented since these 
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Fic. 1. Time course for growth of Avena coleoptile 
sections when floated in solutions containing IAA, 2,4-D, 
2,4-DT, IMT or no growth substance. Vertical lines in 
figures represent ++ 2 x standard error. 
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Fic. 2. Growth of Avena coleoptile sections after 10 
hrs in three concentrations of IMT alone, and in com- 
bination with various concentrations of IAA. 


Fic. 3. Growth of Avena coleoptile sections after 10 
hrs in three concentrations of IMT alone, and in com- 
bination with various concentrations of 2,4-D. 


data are representative but less subject to error and 
non-linearity than the 5 or 20 hour measurements. 
As is shown in figures 1, 2, and 3, IMT promotes 
elongation of Avena coleoptile sections. Thus 10-* M 
IMT is equivalent as a growth promoter to 2.8 X 
10-7 M IAA (fig 2), or to 2.25 x 10-*M 2,4-D 
(fig 3). By contrast, the effect of IMT in combina- 
tion with IAA (fig 2), or 2,4-D (fig 3) may be stimu- 
latory, inhibitory or nil depending on the concentra- 
tion of 2,4-D or IAA. These results are interpretable 
in terms of a weak growth substance competing with 
a stronger one. At higher concentrations of IAA 
or 2,4-D, the less active IMT could occupy a number 
of binding sites thus blocking out the more active 
IAA or 2,4-D and resulting in inhibition of the IAA 
or 2,4-D induced growth. 








138 


TABLE | 


Errect oF 2,4-DT on IAA or 2,4-D 


INDUCED ELONGATION OF 


AVENA COLEOPTILE 
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SECTIONS 
Q% INHIBITION 

AUXIN MOLAR CONC 2,4-DT Moar conc 
o** 10-5 5 x 10-5 10-4 

IAA* 0 1.54 + 0.054 27 38 51 

14 «107? 2.74+0.010 1 21 35 

28 x10-* 3.56+0.15 7 17 35 

57.3 10-7 3892015 12 19 30 

28 x 10-* 432+ 0.11 v4 11 27 

2,4-D* 0 1.08 + 0.052 24 44 67 

1.25 «x 10-* 109+ 0.058 24 50 69 

2.25 « 10-7 150+0.064 27 49 71 

450 x 107 2.07+0.10 29 56 71 

2.25 10-*® 3.26+0.14 15 37 51 











_* Average of three experiments with 2,4-D and three 
with IAA. Section length measured after 10 hrs 
** Growth in millimeters + 2 < standard error 


5-(2’, 4'-DICHLOROPHENOXYMETHYL) TETRAZOLE: 
The data of table I show that 2,4-DT did not pro- 
mote elongation of Avena coleoptile sections at any 
of the concentrations tested and was, in fact, meas- 
urably inhibitory to growth at concentrations greater 





than 10-°M. The interactions of 2,4-DT with 2,4- 
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D and IAA were rather complex; the nature of the 
interactions is most clearly shown by a double -ecipro. 
cal plot of the data. Thus 2,4-DT acted as a weak 
and non-competitive inhibitor of IAA inducec growth 
(fig 4+), but the interaction of 2,4-DT an! 24) 
(fig 5) is quite different, and a competitive cor ponent 
is noted. The nature of the interactions is also shown 
in a less striking manner in table 1. Thus, the slight 
inhibition by 2,4-DT is scarcely influenced by IAA 
concentration. On the other hand, 2,4-DT inhibits 
2,4-D induced growth to a greater extent «nd the 
highest 2,4-D concentration tends to overcome this 
inhibition. 

APPARENT INHIBITION OF 2,4-D ABSORPTION By 
5-(2,4-DICHLOROPHENOXYMETHYL) TETRAZOLE: An 
experiment was designed to test the hypothesis that 
2,4-DT might antagonize the absorption of 2,4-D by 
a plant tissue. For this experiment, the primary leaf 
of greenhouse-grown bean plants was used with either 
separate or coincident application of 2,4-D and 2,4-DT. 
The treatments (see fig 6) were as follows: 1) con- 
trol, no treatment, 2) 2,4-DT alone, 3) 2,4-D alone, 
4), 5), 6) 2,4-DT and 2,4-D both applied and to dif- 
ferent areas of the leaf, 7) 2,4-D and 2,4-DT applied 
coincidently. After 24 hours the treated leaf was 
removed, and the curvature of the stem measured. 
As a convenient measure of formative response, the 
first trifoliate leaf was removed and weighed after 
two weeks. It is apparent from a typical experiment 
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Fic. 4. Reciprocal of growth of Avena coleoptile sections after 10 hrs in presence or absence of 2,4-DT plotted 
as a function of the reciprocal of various concentrations of IAA. 


Fic. 5. Reciprocal of growth of Avena coleoptile sections after 10 hrs in presence or absence of 2,4-DT plotted 
as a function of the reciprocal of various concentrations of 2,4-D. 
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Fic. 6. Average curvature after 24 hrs, and average 
fresh weight of first trifoliate leaf after 14 days when 
2,4-D and 2,4-DT were applied to one primary leaf of 
bean plants. 


(fig 6) that 2,4-DT prevented 2,4-D induced curva- 
ture and formative effect only when the two sub- 
stances were applied coincidently (that is, the 2,4-D 
and 2,4-DT dissolved in the same solution and applied 
to the leaf). If the same amounts were applied 
separately to different areas of the leaf there was no 
reduction of 2,4-D induced curvature or formative 
effect. In one experiment co-application of 10 #g of 
2,4-DT completely prevented the curvature response 
induced by 2,4-D and only a slight formative response 
was observed. : 


DISCUSSION 


The nature of the acidic group for growth promot- 
ing activity is important, but acid groups other than 
the carboxyl may confer at least some activity. Thus 
Veldstra (12, 13) lists the following compounds as 
active: 3-indolemethane-, 1-naphthalenemethane-, 1- 
naphthalene-, and 3-indolesulfonic acids. Vlitos and 
Hitchcock (14) have described in detail the growth 
promoting and herbicidial activity of 3-indolemethane- 
sulfonic acid. In the present work, as in that of Van 
de Westeringh and Veldstra (11), it has been demon- 
strated that the tetrazole group may replace the car- 
boxyl group of IAA with a retention of growth pro- 
moting activity. 

Substitution of the tetrazole group for the carboxyl 
group of 2,4-D similarly leads to a biologically active 
substance. In this case, however, the analogue shows 
no growth promoting activity and acts as a strong, 
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partially competitive, inhibitor of 2,4-D induced 
growth, but as a weaker non-competitive inhibitor of 
IAA induced growth. It is surprising that a single 
inhibitor should have a different interaction with IAA 
and 2,4-D since presumably both IAA and 2,4-D have 
similar modes of action and react with the same 
growth inducing site. It also seems possible that 
2,4-DT may have twe different mechanisms of an- 
tagonism. That is, it could be a non-competitive 
antagonist of both IAA and 2,4-D at the growth in- 
ducing site and, in addition, a competitive and specific 
antagonist of 2,4-D absorption. This possibility is 
bolstered by the bean leaf experiment here reported, 
and by previously reported experiments on the absorp- 
tion of IAA and 2,4-D. Thus, Johnson and Bonner 
(6) have concluded that the major phase of 2,4-D up- 
take is specific and metabolic in nature. They also 
found no competitive effect of IAA on the uptake of 
2,4-D. Earlier work with relatively high concentra- 
tions of IAA (1, 10) had indicated that IAA uptake 
appeared to be by the process of normal diffusion. 
In any case, it would appear that the uptake site of 
2,4-D may be different from that of IAA. Direct 
experiments testing the antagonism by 2,4-DT of the 
absorption of C'* labeled 2,4-D and TAA would be 
desirable. 


SUMMARY 


The tetrazole group is shown to serve as an ana- 
logue of the carboxyl group in 2,4-D and IAA. The 
IAA analogue 5-(3/-indolemethyl)tetrazole was 
found to be a weak auxin in the Avena coleoptile sec- 
tion test, and to compete with both TAA and 2,4-D 
induced growth. The 2,4-D analogue, 5-(2’, 4’-di- 
chlorophenoxymethyl)tetrazole is an antagonist of 
both 2,4-D and IAA induced elongation of Avena 
coleoptile sections. The antagonism of IAA is weak 
and non-competitive and that of 2,4-D is stronger and 
partially competitive at high 2,4-D concentrations. 
Tests with intact bean plants indicated that 5-(2', 
4’-dichlorophenoxymethyl )tetrazole may prevent the 
uptake of 2,4-D. 
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SOME RELATIONSHIPS BETWEEN THE PRODUCTION OF CARBON DIOXIDE BY 
ROOTS AND LIME TOLERANCE OF FRUIT TREES AND GRAPE VINE HYBRIDS? 


B. KESSLER 


AGRICULTURAL RESEARCH STATION, REHOVOT, ISRAEL. . 


Chlorosis, ice. lack of chlorophyll, is a familiar 
phenomenon which may be caused by widely different 
factors. A well-known type is the so-called lime- 
induced chlorosis which develops in plants grawing 
on soils with a high lime content. Bicarbonate ions, 
which can arise from lime, have been found to induce 
chlorosis (1, 5, 8, 11). Yet it has frequently been 
found that no definite relationships exist between the 
total lime or bicarbonate content of a soil and the 
degree of lime-induced chlorosis developing in plants 
growing on it. In an attempt to quantify the effect of 
limestone soils on the development of chlorosis, the 
concept of “active lime”, a colloidal fraction of lime 
which was found to vary with the degree of chlorosis, 
has been adopted in France (2, 3), and is in use in 
various other countries (7, 9 and A. Porath, un- 
published). This “active lime” concept has a certain 
practical value, but it still does not explain why cer- 
tain plants become chlorotic on soils with a rather 
low lime content while others tolerate far higher 
lime percentages. 

The considerable effect of aeration, moisture con- 
tent and depth of a calcareous soil upon the develop- 
ment and degree of chlorosis suggest that some rela- 
tionship between chlorosis and the respiration of roots 
might exist. The respiratory activity of roots, and 


1 Revised manuscript received July 1, 1959. 
2 Publ. Agr. Res. Station, Rehovot. Ser. No. 217-EF. 
1958. 


for comparison also of leaves, was therefore studied 
in lime-susceptible and lime-tolerant fruit tree species 
and grape vine hybrids. 


MATERIALS AND METHODS 


Two-year-old rooted hybrids and fruit tree species 
grown in 3 different plots were used for all analyses. 
One series of trees was grown on a sandy-loam soil 
containing a very low percentage of lime. A 2nd 
series of plants was grown on a soil containing 49.8 
to 53.5% total lime and 21.1 to 24.8% active lime, 
while a 3rd series of plants was grown on a medium 
in the close neighborhood of the latter plot but con- 
taining only 6 to 8% active lime. Active lime was 
determined according to Galet (3). 

The following species, hybrids, and agricultural 
varieties (cultivars) were used. Grape vines: Vitis 
‘Solonis’ x V’. ‘Othello’ — 1613; V. doaniana Muns. 
(Salt Creek); V. rupestris Scheele x V. candicans 
Engelm. (Dog Ridge) ; V. rupestris ‘du Lot’ (lot): 
V. riparia Michx. X V. rupestris — 3309 C; V. vini- 
fera L. ‘Mourvendre’ x V. rupestris — 1202 C; V. 
berlandieri Planch x V. riparia — 161-49; V. ber- 
landieri x V. riparia — 8 B; V. berlandieri ‘Res- 
seguier No. 2’ x I’. rupestris ‘Martin’ — 110 R; V. 
vinifera ‘Aramon’ < V. rupestris ‘Ganzin No. 9 
(A. R. G. 9): V. vinifera ‘Hebron’ x V. rupestris 
‘du Lot?’ — 8 H: V. vinifera ‘Chasselas’ x V. ber- 
landieri — 41 B; V. vinifera ‘Colombard’ x V. ber- 
landieri “No. 2” (C. B. 2); V. berlandieri « V. ru- 
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pestris ‘du Lot’ — 140 R. Hereafter the grape 
species, hybrids and cultivars are referred to either 
by their respective number or by the name given in 
parentheses in the above list. Other plants used: 
Apricot, local variety; peach ‘Smith’; plum ‘Myro- 
bolan’; apple ‘Malus’; quince ‘Provance’. 


RESPIRATION MEASUREMENTS: Respiration was 
measured with 50 mg of root segments. For this 
purpose the intact young trees were brought into the 
laboratory and yellow to light brown newly-grown 
roots were collected. Later in the season only light 
brown roots were available, and of those, roots of 
about 2 mm diameter were sampled. The roots were 
quickly detached from the tree and thoroughly washed 
with water. Then the roots were immediately cut 
into smaller pieces, blotted on filter paper, weighed 
and transferred to standard conical Warburg vessels 
containing 2 ml distilled water. Part of these roots 
served for the determination of the alcohol insoluble 
nitrogen.. Respiration of leaves was measured with 
leaf discs. For this purpose 10 leaves were sampled 
from the middle part of the growing shoot and discs 
were cut with a sharp cork borer from both sides of 
the mid rib near the leaf center. Ten of these discs, 
1 of each leaf, were placed into the Warburg vessels 
with 2 ml of distilled water and the measurements 
were run in the dark. 

The manometric measurements were conducted 
in the rotating Warburg apparatus at 28° C, and the 
direct method was used (10). The respiratory rates 
were calculated in each case from the respective time- 
rate curves. Because of close relationships found 
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in preliminary experiments between the evolution of 
CO, by roots and their relative lime tolerance the 
respiratory rate in this paper is expressed as CO, 
rather than as O,. 

The respiratory rate is expressed as CO, evolved 
per hour per mg alcohol insoluble nitrogen. For 
this purpose the nitrogen was fractionated with 70 % 
alcohol and the alcohol-insoluble fraction was deter- 
mined by a micro-Kjeldahl method. Hereafter the 
alcohol-insoluble nitrogen is designated for conveni- 
ence as protein-N. 


CHLOROPHYLL DETERMINATION: After discs were 
cut out from leaves as described previously, similar 
discs were extracted with ethanol containing traces 
of calcium oxide and the chlorophyll extract was de- 
termined against a bichromate-copper standard (4). 

From each species 4 to 5 plants were tested inde- 
pendently during 3 successive years—1956, 1957 and 
1958. The data presented in this paper are mean 
values of the 1957 measurements. The experiments 
carried out in 1956 and 1958 produced trends similar 
to those reported in this paper. 


RESULTS 


In the first part of these studies the relationship 
between chlorophyll content and respiration of roots 
and leaves was investigated. Table I summarizes a 
selected list of species which were tested in these 
studies. The samples for these measurements were 
collected in May from trees growing in a lime-contain- 
ing soil. Table I shows that in general green leaves 


TABLE [| 


RESPIRATORY RATES OF Roots AND LEAVES OF CHLOROTIC—AND HEALTHY GRAPE VINE Hysrips AND Fruit TREES 














LEAVES : Roots 

SPECIES OR - STATE OF CHLOROPHYLL Qco, Qco, 
HYBRIDS PLANT (% OF FRESH MATTER) PER MG PROTEIN-N PER MG PROTEIN-N 

Quince var. Chlorotic ° 0.112 465 508 

Provance Green 0.275 729 442 

L.S.D.* 0.021 56 63 

Apple var. Chlorotic 0.108 424 456 

Malus Green 0.326 691 374 

L.S.D. 0.015 45 73 

Plum var. Chlorotic 0.089 316 476 

Myrobolan Green 0.210 660 314 

L.S.D. 0.047 127 163 

Apricot Chlorotic 0.092 475 482 

local var. Green 0.254 682 395 

L.S.D. 0.023 146 89 

Peach var. Chlorotic 0.103 430 486 

Smith Green 0.250 716 350 

L.S.D. 0.018 102 131 

Grape vine Chlorotic 0.064 308 547 

hybrid-1613 Green 0.301 615 413 

L.S.D. 0.020 49 76 

Grape vine Chlorotic 0.129 . 457 432 

hybrid- Green 0.345 682 308 

Rupestris. du Lot L.S.D. 0.035 42 71 





* Least significant difference. 
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respire more intensively than chlorotic leaves. In 
contrast, an inverse relationship was found for roots, 
i.e. the roots of chlorotic plants respired more inten- 
sively than did the roots of healthy green plants. 
These latter relationships were also found to occur 
in various varieties of apple and quince roots and in 
several additional hybrids of grape vines. No such 
consistent inverse relations between root respiration 
and lime-induced chlorosis could be found in pre- 
liminary tests of several evergreen species, e.g. olives 
and citrus. 

It was of interest to follow up the changes in the 
chlorophyll content during the growing season and to 
compare these changes with the respiratory rates of 
leaves and roots. These measurements were made 
with a lime-sensitive grape vine hybrid (1613) and 
a rather lime-tolerant grape vine hybrid (41B), both 
growing on a calcareous plot. From table II it is 
seen that the chlorophyll content in both hybrids 
varies rather considerably throughout the growing 
season. In the 1613-hybrid the first young leaves 
were green in the early spring, but soon the chloro- 
phyll content started to decrease and a considerable 
chlorosis began to develop. The typical lime-induced 
vellowing of the leaves became visually apparent and 
by May a rather severe chlorosis was visible. The 
visual chlorosis disappeared in part as the season 
progressed, but later, toward September, the chlorosis 
returned with more severity. This disappearance of 
chlorosis toward summer and its reappearance in 





autumn is frequently observed under field conditions, 
In the more tolerant hybrid (41-B), growing on the 
same soil, a similar trend was found by analysis of 
the chlorophyll content, but only a very light yellow- 
ing of the leaves became visible and no typical chloro- 
sis developed. 

In comparing the respiratory rates of leaves and 
roots to the corresponding chlorophyll content of the 
leaves certain relationships become obvious. Table 
II shows that respiration of leaves follows, more or 
less, the level of chlorophyll. In a few other cases a 
less pronounced relationship between chlorophyll and 
leaf respiration was found, e.g. in olives and oranges; 
but in no case so far tested did chlorotic leaves respire 
more intensively than green ones. Respiratory rates 
of green leaves of lime-tolerant and lime-sensitive 
species in the early spring (table II) were quite 
similar, the differences between both hybrids appear- 
ing later only, possibly under the influence of the 
conditions inducing chlorosis. 

The behavior of roots, however, was quite dii- 
ferent. In general, as shown in table II, the roots 
of the more sensitive 1613-hybrid respire much more 
intensively than those of the tolerant 41-B hybrid, 
and these relations are maintained throughout the 
growing season. In the early spring there is a gen- 
eral increase in the respiratory rate of the roots, this 
increase being relatively higher in the lime-sensitive 
1613-hybrid. A certain inverse relationship exists 
between root respiration and chlorophyll content in 

















TABLE I] 
SEASONAL VARIATIONS IN CHLOROPHYLL AND RESPIRATION OF GRAPE VINE Hysrips GRowN oN CALCAREOUS SoILs 
_LEAVEs Roors 
GRAPE VINE DATE OF CHLOROPHYLL Qco, Qco, 
HYBRID SAMPLING (Y% OF FRESH MATTER) PER MG PROTEIN-N PER MG PROTEIN-N 
March 20 0.305 530 548 
March 30 0.290 475 569 
April 12 0.255 405 695 
April 25 0.203 387 642 
1613 * May 8 0.168 310 581 
May 26 0.126 268 588 
June & 0.170 288 561 
June 18 0.215 298 305 
July 15 0.238 325 260 
L:S.D, ** 0.027 33 532 
March 20 0.315 7 145 * 
March 30 0.320 795 163 
April 12 0.328 790 193 
April 25 0.316 757 191 
41-RB ** May 8 0.305 730 190 
May 26 0.257 622 164 
June 8 0.239 607 168 
June 18 0.257 655 143 
July 15 (1.287 690 132 
L.S.D. *** 0.032 


* Lime sensitive. 
** Lime tolerant. 
*** Least significant difference. 
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RespikaroryY RATES AND CHLOROPHYLL CoNTENT oF GRAPE VINE Hyprips Grown UNDER NONCHLOROTIC CONDITIONS 

















; Roe IR ee SN ce Re CS ae 
DaTE 0! CHLOROPHYLL Qco, CHLOROPHYLL Qco, 
SAMPLING (% OF FRESH MATTER) or Roots PER (% OF FRESH MATTER) or Roots PER 

MG PROTEIN-N MG PROTEIN-N 
March 22 ai Genes eo a 
April 14 0.312 492 0.320 160 
May 12 0.344 486 0.329 145 
June 24 0.365 447 0.347 135 
July i8 0.382 410 0.353 122 
ane. *** 0.027 39 0.011 28 


* Lime sensitive. 
** Lime tolerant. 
*** Least significant difference. 


both hybrids tested. Respiration of roots rose to a 
certain maximum in April, decreasing again as the 
season continued on. Fluctuations in root respira- 
tion were found to be higher in the lime-sensitive hy- 
brid, possibly because its respiration is more suscepti- 
ble to the effect of the lime. The considerable effect 
of lime upon root respiration of the lime-sensitive 
hybrid is more clearly demonstrated when the above 
results are compared with data obtained from the 
same hybrids growing on a soil which contained a 
very low lime content (table III). It is seen from 
table III that the range of the respiratory rates in the 
spring is similar to the above, but in this case the 
respiratory rate remains relatively high and does 
not fluctuate as much as under the influence of lime, 
and the chlorophyll content increases in the course 
of the season. 

From the foregoing results we learned that res- 
piratory rates of roots were higher in chlorotic plants, 
as compared to their green counterparts. From 
tables II and III it was further seen that the roots 
of the lime-sensitive 1613 hybrid respired more in- 
tensively than did the relatively lime-tolerant 41-B 
hybrid, irrespective of lime and fluctuations in the 
respiration rates throughout the season. It was now 
of interest to know whether this natural difference 
in the respiration rates is typical of lime-sensitive 
and lime-tolerant varieties. Respiration rates of 
roots of different grape vine hybrids whose relative 
tolerance to lime were more or less established (2, 
3, 6) were therefore tested. For this purpose roots 
of 2-year-old hybrids. growing on a light soil con- 
taining a very low lime percentage, were collected 
in the early spring. In order to shorten the period 
between detachment of roots and respiration meas- 
urements, whole young grape vine stocks were re- 
moved from the soil just before the measurement and 
quickly transferred to the laboratory. The roots 
were then washed while still on the plant; afterwards 
suitable roots (as outlined in Methods) were detached 
for further treatment. The grape vine hybrids are 
arranged in figure 1 from left to right according to 
increasing lime tolerance. The respiratory rates of 





the different hybrids are plotted against their corres- 
ponding lime-tolerance. The hybrids were tested for 
2 successive years, each year with 10 replicates, i.e. 
each hybrid was measured 20 times. Each point in 
figure 1 represents the mean of 20 independent res- 
piration measurements and the distance between the 
horizontal bars indicates the standard error. It is 
obvious from the diagram that, in general, an inverse 
relationship exists between lime-tolerance and the rate 
of root respiration. These tolerance ranges vary ac- 
cording to environmental and soil conditions, but the 
relative lime tolerance of the tested hybrids follows 
approximately the same order so that the principal 
trend which becomes evident from figure 1 remairis 
undisturbed. Similar results were also obtained with 
several stone and pome-fruit tree rootstocks. 


DIscUSSION 


In general it was found that roots of chlorotic 
plants had a consistently higher respiration rate than 
did roots of green plants. This higher root respira- 
tion might be a result of, or causally related to, 
chlorosis. In the latter case it might be expected that 
any respiration-enhancing factor, like O., would in- 
duce or increase the degree of chlorosis. It has in- 
deed been found that increased O, pressures in the 
nutrient solutions increased the degree of chlorosis 
(1, 7). In addition, increasing O. pressures in the 
soil also induced chlorosis and it was possible to 
vary the degree of the chlorosis in certain grasses by 
varying the O. pressure (R. Mokadi, unpublished). 
It thus seems that the respiration rate of the roots 
might be a primary factor in lime-induced chlorosis. 
This conclusion is further substantiated by the fact 
that, under otherwise identical pedologic, topographic 
and climatic conditions, the degree of chlorosis is 
closely related to the depth and aeration of the soil. 
Thus plants growing on deeper, less aerated soils are 
known to become less chlorotic than plants growing 
on shallow soils where the main root zones are con- 

‘~centrated in a well aerated medium and favorable 
conditions exist for respiration. 
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Of possible practical interest were the findings 
that lime-tolerant hybrids naturally respire less than 
lime-sensitive ones. These results point to the pos- 
sibility that respiration rates of roots might be used 
as criteria for the selection of lime-tolerant stocks. 

The question now arises what interrelationships 
may exist between the respiratory rates of roots and 
calcareous soils. Bicarbonate ions, which actively 
induce chlorosis, can arise from CaCO, as well as 
from MgCO, soils. Thus bicarbonate can be formed 
in poorly aerated and moist carbonate-containing 
soils where CO. accumulates. On the other hand 
in well-aerated, dry calcareous soils there is fre- 
quently no appreciable accumulation of bicarbonate, 
apparently because of the rapid exchange of gases. 
It is now postulated that even in these well-aerated 
soils bicarbonate can be formed and accumulate by 
interaction between CaCO, and MgCO, of the soil 
and the respiratory CO., at the soil-root interface, 
thus forming a chlorosis-inducing principle very close 
to the root surface. If this is so it might be expected 
that plants with intensively respiring roots will be 
more susceptible to chlorosis than those with less 


actively respiring roots, a situation which has actually 
been found to occur with grape vine hybrids and 
other fruit trees. This hypothesis further explains 
the considerable chlorosis-inducing effect of O, and 
the seasonal parallelism between the respiratory 
activity of roots and the degree of chlorosis. ‘ 


SUMMARY 


1. The respiratory activity of roots and leaves 
of grape vine hybrids and fruit trees was investi- 
gated. 

2. Inverse relations were found between the CO, 
output of roots and the lime tolerance. 

3. The results were interpreted on the basis of 
the hypothesis that chlorosis-inducing bicarbonate 
ions are produced by interaction between carbonate 
of the soil and respiratory CO, at the soil-root inter- 
face, thus relating lime-induced chlorosis to the res- 
piratory activity of the roots. 
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AmerRICAN Society OF PLANT PHysSIOLOGISsTS, 
Executive Committee Meeting, McGill University, 
Montreal, Canada, August 25, 1959: The Executive 
Committee Meeting was called to order at 7:00 P.M. 
by President Hendricks. Present: H. Beevers, 
H. A. Borthwick, A. H. Brown, R. H. Burris, R. H. 
Goodwin, S. B. Hendricks, W. H. K. Klein, P. J. 
Kramer, R. W. Krauss, A. C. Leopold, G. R. Noggle. 
C. R. Stocking, K. V. Thimann, and F. W. Went. 

President Hendricks described plans for our meet- 
ing at Pennsylvania State University with the AIBS, 
the banquet on September 1, his address as retiring 
president, and the Stephen Hales Award lecture to be 
given by Professor F. W. Went. 

The executive secretary-treasurer, Dr. G. R. 
Noggle, presented his annual report; during the year 
there was a slight increase in membership (63), the 
net worth increased from $81,227.12 to $89,437.54. 
Dr. Noggle’s report, which was unanimously ap- 
proved, is detailed below. 


MEMBERSHIP TOTALS 
July 1,1958 July 1, 1959 


ile RI ca: 33. 35 

Corresponding Members ... 19 19 

Foreign Members ........ ... 191 . BYo 

U. S. Members—Regular ..1081 1106 

Student 128 140 

1452 1515 

Less those included in other groups 5 5 

1447 1510 

SUBSCRIPTIONS 

U. S. Subscriptions V. 33 ... 435 V.34... 459 

Foreign Subscriptions V. 33 ... 960 V.34 ... 953 

TOTAL 1395 1412 

SUMMARY OF CasH AccoUNTS 

Checking Account, July 1, 1958 $15,820.41 
Savings Account, July 1, 1958 23,106.71 
CasH BaLance, July 1, 1959 $38,927.12 
Receipts, 1958-59 33,918.50 
ToTaL $72,845.62 
Expenditures, 1958-59 26,308.08 


Stocks Purchased (from Savings) 5,930.16 


ToTaL 


$32,238.24 





NEws Anp NorEs 


CasH BaLance, July 1959 $40,607.38 
Cash on hand, July 1, 1959 
Checking Account $22,660.63 
Reserve Account 17,946.75 
ToTaL $40,607.38 


The editor of PLANT PHYSIOLOGY, Dr. A. 
H. Brown, submitted a report on the activities of his 
office during the past year and a budget for the 
coming year. Dr. Brown’s report, the substance of 
which is detailed below, was unanimously approved 
as was his proposed budget of $24,250.00. 

Several factors have kept the past year from being 
monotonous for the editor and his assistant. Chief 
among these has been a change of printers. The 
journal now is being printed by Craftsmen, Inc., in 
Kutztown, Pa., under new contractual arrangements 
designed (hopefully) to expedite publication of papers 
through a carefully planned timetable of manuscript 
processing. 

Working with a new printer during the difficult 
transition period has reinforced our faith in the in- 
herently cooperative spirit of our fellow man in spite 
of which the experience has not been without its 
frustrations. We are optimistic about solving those 
mechanical problems which remain. 

One of our fond hopes this year was that we veil 
shorten the average time between the receipt of a 
manuscript and its appearance in print. For several 
reasons we have lost ground rather than gained. An 
inspection of the statistical tabulation given below 
will show this quantitatively. 

A chronic uncertainty which plagues the editor’s 
office involves the number of manuscripts which we 
may expect to receive each year. Past experience is 
our only guide and, in the last four years, variation in 
the number of manuscripts submitted has shown no 
consistent pattern which would allow us to extra- 
polate with confidence. In the last few months an 
unseasonally large number of manuscripts has ar- 
rived and possibly, if this trend continues, we shall be 
able to consider more frequent publication (as opposed 
to fatter issues). At present, no change in number 
of issues per year seems warranted. 

The quality of submitted manuscripts seems to the 
editor to average about the same as previously. One 
not very adequate measure of this is the rejection per- 
centage. This varied between 13% and 18% over 
the previous three years. This past year it was 15%. 

At the beginning of the present report period it 
seemed likely that our society might be given the op- 
portunity to consider joining a pool of editorial and 
business offices of several biological societies which 
publish journals. For several years there has been 
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interest in—and much talk about—establishing such 
a cooperative enterprise under AIBS auspices. The 
idea is in some ways attractive and its potentialities 
deserve exploration. 

More than ever the editor has come to realize how 
very dependent the journal is on its large number of 
volunteer reviewers. It continually amazes this office 
that reviewers so often seem to devote even more 
effort toward improving a particular paper than the 
author probably did in writing it in the first place! 
Since it is the editor’s job to milk these conscientious 
reviewers as effectively as possible vet keep his re- 
quests for cooperation within reason, he has given 
much thought to what makes the difference between 
a seemingly impatient reviewer who writes a one 
paragraph cursory opinion and one who supplies an 
extremely critical appraisal with numerous sugges- 
tions for improvement of a paver all of which must 
have taken him several evenings to work up. In 
this area it seems that generalizations can only be 
empirical and are dubious at best: no one has written 
a “Guide for Editors in Selection and Cultivation 
of Helnful Reviewers”. The editor has made note 
of the following: 

T. In spite of numerous outstanding exceptions, 
the vounger plant physiologists usually write the more 
carefully thought out an’ useful reviews. Perhaps 
this is only a reflection of the manv competing de- 
mands on the time and energies of the senior people. 

II. - Many reviewers who are exceptionally criti- 
cal and helpful when giving an appraisal of someone 
else’s paper are often surprisingly careless and wn- 
critical when they submit manuscripts themselves. 
This amusing anomaly is not readily exnlained, 

TIT. Nearly all authors have heen found to accent 
reviewer's (and editor’s) criticism in the proper 
spirit. A large fraction of all manuscripts are re- 
turned for at least some and often major revision. 
Almost without exception authors endeavor to improve 
their manuscripts (even if they do not always follow 
exactly the reviewers’ suggestions) and frequently 
they make explicit acknowledgement of the help pro- 
vided by the reviewers. 

The editor is well aware of our journal’s debt to 
the reviewers who—next to the authors themselves— 
are chiefly responsible for maintaining the standards 
of PLANT PHYSIOLOGY. Furthermore, viewing 
these matters in perspective, he can now forgive one 
reviewer who kept a manuscript over four months, 
ignoring telegrams’ and phone calls from the editor, 
before returning it (with a very good review). He 
can forgive the red-faced reviewer who lost a manu- 
script (at which time we were especially thankful 
that two copies are routinely required). The editor 
can even forgive the potential reviewer who several 
months ago accepted a paper for review but immedi- 
ately left the country on an extended junket. (This 
office never did find out whether or not he took the 
manuscript with him, as our relationship has been 
strained ever since.) This forgiving mood extends 


also to that efficient colossus, the U. S. Post Office 
Dept. which presumably has been guilty of te loss 
of two manuscripts out of a total of 366 whic: were 
handled in over 2500 separate mailings in the last two 
years. 

The editor regrets that he is losing the scrvices 
of Dr. Mary A. Swaebly-Ehrlich who has been a 
most effective editorial assistant for the past two years, 
The new assistant is Mrs. Lucille Sukalo. 

The following summaries will be informative for 
those who find numerical tabulations interesting or 
useful. Since some manuscripts appear in more than 
one category, the discrepancies in certain sub-totals 
is only apparent. Tabulations were correct as of 
10 August 1959, 


Manuscripts Received Since 14 August 1958 _ 21] 


Accepted: for Publication .............2..... 92 
With Little or No Revision ............ 68 
After Major Revision sista St amon 24 

Returned to Authors for Revision ........... 41 

Rejected Bit op ns ache niv ork. ea rate, ik et topes MN 26 

ee re ier ew eas 3 


Papers Published (Sept. 1958 through May 1959) 91 


Pupers Ow i Process. |... : osc es ohelcs. 91 
Awaiting Assignment of Reviewers .... 10 
In Hands of Reviewers . Ne 
Awaiting Editor’s Decision . Ape 
Awaiting Return by Author ate 

Papers in Press a 
July Tssue ae 
Sept. Issue aaah ae 
Nov. Issue . 24 


The following time study on published manuscripts 
applies to issues from September 1958 through March, 
1959: 


Average Time From Receipt of Manuscript 


Through Review ........... 1 34 months 
Average Time From Review to 

Publication : 6 months 
Average Total Time 7 % months 


Journal expenses are reported in two categories, 
costs of the editorial office and printing and mailing 
costs. The latter are reporte| for the six issues, 
July 1958 to May 1959, as $15,687.14. 


These charges include mailing costs but are exclu- 
sive of stencils or cuts for which a different billing 
procedure is used. Complete information is not yet 
available for each of the above issues. However. 
the cuts have been costing from $125 to $150 per 
issue. Therefore, the total printine and mailing bill 
will he in the neighborhood of $16.500. 

The editorial office anticipated expenses of about 
$4,300 last year. In the breakdown below. the pro- 
posed 1958 to 1959 budget is reproduced along with 
the actual expenses. 
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Proposed Actual 
Editorial Assistant $2,901.60 $2,901.60 
Editor's Stipend 1,000.00 1,000.00 
Postage 300.00 254.65 
Office Supplies 75.00 56.34 
Miscellaneous 20.00 61.59 

$4,296.60 $4,274.18 


Our combined printer’s and editor’s budgets 
(authorized at $25,000) will be in the neighborhood 
of $21,000 for August, 1958 to August, 1959. 

Next year we anticipate some increase in printing 
costs as we probably shall publish more manuscripts 
in our next six issues. A change in typeface—which 
was so slight that most readers would not have 
noticed it—actually provides for a few more words 
per page. However, this increase was not very sub- 
stantial; we expect to print more pages. Perhaps 
$19,000 would be a reasonable estimate of printing 
costs. 

The editorial office will be able to operate on a 
little less money next vear since the 3/4 time editorial 
assistant will be replaced by a 1/2 time assistant and 
a 1/4 time typist as shown in the budget proposed 
as follows: 





Editorial Assistant; % time after 1 Sept. .. $1,738. 
Miscellaneous Hours Prior to 1 Sept. ... 282. 
Clerk-typist (4% time) ............. 666. 
Reet Sy PN ok eens . 1,000. 
MORIN eh pt ie eran et * 300. 
RN IR srt ns cet hwio eres ts 75. 
Phone and Miscellaneous ................ 50. 
$4,111. 


On the basis of the above estimates of editor’s and 
printer’s budgets and including a 5% contingency 
allowance, the editor requests the Executive Com- 
mittee to authorize a total expenditure for the coming 
fiscal year of $24,250.00. 

The secretary, W. D. Bonner, had submitted a re- 
port which was read and is here reproduced. 

In an effort to stabilize the composition of the 
Executive Committee it was decided that each local 
section elect a representative to serve on the Execu- 
tive Committee for a period of three years. In order 
to stagger the election of these representatives the 
secretary was requested to arrange a schedule for 
the election of representatives from the different sec- 
tions. Such a schedule was. worked out and sent to 
the secretary of each local section. This schedule is: 


Section Term of Representative 
Northeastern Section 1960-1963 
Washington Area Section 1959-1962 
Southern Section 1959-1962 
Mid-Western Section 1960-1963 
Western Section 1961-1964 


In the cases where required, the president of the 
local section will serve on the Executive Committee 
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until the term of the elected representative starts. 

The Washington area section has elected W. H. 
Klein to serve as representative on the Executive 
Committee from Jan. 1, 1959 to Dec. 31, 1962. The 
Southern section has elected H. I. Teas to serve from 
Jan. 1, 1959 to Dec. 31, 1962. The Northern section 
has elected A. W. Galston to serve a three year term 
beginning Jan. 1, 1960, and the Mid-Western section 
has elected H. Beevers to serve a three year term 
from Jan. 1, 1960. 

The secretary conducted the nomination and elec- 
tion of officers to serve the Society from Jan. 1, 1960. 
352 nomination ballots and 710 election ballots were 
returned. The counting of ballots was carried out 
by the secretary and two members of the Society, 
J. K. Pollard and E. M. Shantz. The election resulted 
in the following officers: 


President R. H. Burris 

Vice-President W. D. Bonner, Jr. 

Secretary C. O. Miller 

Member of the Ex. Com. F. K. Skoog 

Members of the Ed. Board S. B. Hendricks and 
S. Aronoff 


Abstracts of papers to be read at the meeting of 
the ASPP with the AIBS at Pennsylvania State Uni- 
versity were printed as a supplement to Volume 34 
of PLANT PHYSIOLOGY ; there were 83 abstracts. 

The secretary has enjoyed being secretary but will 
be happy to turn over his duties to his successor, C. O. 
Miller. 

The vocational guidance bulletin, “Plant Physiol- 
ogy as a Career”, newly revised by Dr. A. W. Galston. 
was distributed. This bulletin has just been printed 
by the Society. Single copies may be obtained from 
the executive secretary-treasurer. 

President Hendricks appointed C. M. Johnson and 
A. Lang to the Editorial Beard of PLANT PHYSI- 
OLOGY (5 year terms). M. W. Parker was re- 
appointed as representative on the AAAS Council 
and R. H. Goodwin was appointed to serve on the 
Board of Trustees (3 year term). The Trustees 
were encouraged to proceed with a revision of the in- 
vestments of the Society’s funds. It was suggested 
that the Stephen Hales Award and Charles Reid 
Barnes funds should be pooled with the regular So- 
ciety funds and investments, the awards being main- 
tained as percentage entities on the books. The ex- 
ecutive secretary-treasurer was instructed to so pool 
the funds. 

The Trustees also suggested that an assistant to 
the executive secretary-treasurer be appointed, with a 
stipend of $200 per year. The Committee voted ac- 
cordingly. 

Dealing with items of new business, the Execu- 
tive Committee discussed : 

I. The ASPP has been offered $2,200 by the 
Johnson Reprint Co. for the purchase of its entire 
stock of back issues of Plant Physiology, and a 10 
per cent royalty on all reprints sold. _The committee 
asked the secretary-treasurer to explore the bid, but 
to bring the terms to the Executive Committee before 
taking action. 
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II. Money was appropriated to cover the printing 
of extra copies of the January, 1959, issue. These 
were required to accommodate new subscribers. 

III. $2,100 was voted to the secretary-treasurer 
ior operation of his office. 

IV. It was voted to amend the certificate of in- 
corporation ot the AIBS to exempt it from federal 
income taxes. 

V. In connection with next year’s annual meet- 
ing, it was suggested that a special section of abstracts 
be published to accommodate people who wish to have 
their papers presented by title only. A motion to this 
effect was carried. 

VI. A change in the constitution was passed 
unanimously to increase the Stephen Hales Award 
from the present $100 to $500. Announcement of this 
action must be made to the general membership. 
Publication of this report in the journal constitutes 
such announcement. 

VII. The secretary was instructed to investigate 
the scheme of the International Cooperation Agency 
to pay for subscriptions to our journal for foreign 
students. 

The committee adjourned at 9:45 P.M.—A. C. 
Leopotp, Vice President and Secretary pro tem. 


Business Meetinc, ASPP, Montreal, Canada 
August 26, 1959: President Sterling Hendricks 
called the meeting to order at 4:15 P.M. 

There were an estimated 40 members present. 

The minutes of the Executive Committee meeting 
were read and accepted. The president announced 
the naming of Dr. F. G. Gustafson to the Charles Reid 
Barnes Award. Reports were given by the secretary- 
treasurer and the auditors of the society records. The 
audit and the report were accepted by unanimous 
votes. 

The availability of the pamphlet on plant physiol- 
ogy as a career was announced. 

The editor gave a brief report. A question was 
raised concerning the possibility of mechanical pub- 
lishing schemes for the future. No action was taken 
on it. 

The secretary’s report was read and accepted. 

Items of new business included first, the problem 
of the association of the ASPP with the International 
Society of Plan’ Physiology. The motion was made 
and passed that \ ¢ join the new organization and pay 
the dues ($20 per four years). 

The next issue concerned the possibility of read- 
ing papers by title only at the annual meetings. The 


motion was made by Dr. French that papers by title 
only be accepted this coming year on a trial basis. 
Considerable discussion followed and the motion was 
A motion was made by Dr. Arnon re- 


voted down. 
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questing the Editorial Board to explore the cop. 
sequences of the present abstract policy, as a ‘means 
of publication and to report to the business meeting 
next year. The motion carried. 

President Hendricks explained the revision of the 
constitution required to permit the increase in the 
Stephan Hales Award from $100 to $500. The ques- 
tion was raised as to whether the entire constitution 
should be overhauled to more effectively meet the 
present needs of the society. No action was taken, 

A question was raised as to the accumulation of 
such a large cash balance. A suggestion was made 
that either the annual dues might be lowered or that 
some additional service be added by the society. This 
interesting point was discussed briefly but no action 
was taken. 

The meeting adjourned at 5:30 P.M—A. C. 
LropoLp, Vice President, acting Secretary pro tem. 


NATIONAL SCIENCE FOUNDATION GRANTS The 
National Science Foundation announces that the next 
closing date for receipt of proposals for support of 
renovation or construction of graduate research lab- 
oratories is 1 March 1960. 

Proposals may be submitted for modernization or 
construction of laboratories devoted to graduate level 
(doctoral) research in plant physiology as well as 
other natural science fields. Support of facilities to 
be used chiefly for instructional rather than researci 
purposes will not be considered. Presently these 
NSF grauts are restricted to departments which al- 
ready have a program leading to the Ph.D. degree. 

Preliminary inquiries will be welcomed by the Di- 
vision of Biological and Medical Sciences, National 
Science Foundation. Washington 25, D. C. 


Forest TREE GRowTH CONFERENCE A conier- 
ence on forest tree growth will be held at the Univer- 
sity of Arizona, Tucson, April 11 to 13, 1960. The 
conference will include noted scientists from the 
United States, Canada, and Europe. One-half day 
sessions will be devoted to each of six major fields. 
Subjects and moderators are: tree physiology, Dr. 
T. T. Kozlowski: genetics, Dr. Harry A. Fowells: 
soils, Dr. Robert Zahner : climate, Dr. A. L. McComb; 
dendrochronology, Dr. George C. Allen; mensuration, 
Dr. George M. Furnival. The conference will be 
open to all interested persons. No registration fee is 
involved. Preceding the conference on April 12 is 
to be a one-day field trip from Tucson to the nearby 
Santa Catalina mountains to review the work of the 
late Dr. Forrest Shreve. 

Information concerning the conference, assistance 
with housing reservations. or details of the final pro- 
gram may be obtained by writing the Tree Ring 
Laboratory, University of Arizona. Tucson. Ariz. 

















WRITING MANUSCRIPT 

A. Sryte In general, the style of an article will 
reflect the author’s preference and habits of writ- 
ing. The Editor may suggest improvements, but 
will not insist on rigid conformity to conventions 
at the expense of an author’s individuality. Scien- 
tific writing, however, should meet accepted stand- 
ards of grammar, syntax, and diction. 

Strive for specific and concise expression. 
Use active verbs. Avoid complicated sentence 
structure. Write in a straightforward manner. 
Use care in preparing the original manuscript to 
obviate subsequent delays in publication because of 
the need for manuscript revision. 

B. LenctH Beyond ten pages (including tables, 
figures, and literature citations) authors will be 
billed $20 per page for overrun. Approximately 
four double spaced typewritten pages (pica type) 
equal one page of printed type. 

C. Foornore Rererences These should be avoid- 
ed in:the body of the text, but if a footnote must 
be used, it should be numbered with an Arabic 
numeral and typed at the bottom of the page on 
which reference to the footnote is made. 

D. ACKNOWLEDGEMENTS Do not include acknowl- 
edgements in a footnote; they belong under their 
own heading following the SUMMARY and pre- 
ceding LITERATURE CITED. 

E. Punctuation 

1. Periods and Commas These are the most 

often used and misused punctuation marks; 

the period is not used enough, the comma too 
often. Avoid complicated sentences which re- 
quire many commas, colons, or semicolons. 

Break long sentences into brief, concise sen- 

tences which will be short and easily under- 

stood. 

2. Quotation Marks Avoid the urge to use 

excessive quotation marks. Often a word is 

used in a sense slightly different from its ordi- 
nary meaning. This does not necessarily war- 

rant the use of quotation marks. In case a 

term is used in an unconventional way and the 

ambiguity might lead to misunderstanding. use 
quotation marks only when the unfamiliar 
meaning is first explained. 

3. Hyphens Use sparingly. 

F. Sustopics Use this order and style to number 
subtopics : 
T. T) 
A. A) 
t. 1) 
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INSTRUCTIONS FOR CONTRIBUTORS TO PLANT PHYSIOLOGY 


G. Scientiric NAMES The complete botanical 
name (genus, species, and authority for the bi- 
nomial) of all experimental plants should be in- 
cluded, preferably under MATERIALS AND 
METHODS. Refer to the most recent Interna- 
tional Code of Botanical Nomenclature for rules 
governing the use of scientific names. 

H. AspreviaTions In place of certain unwieldy 
chemical names abbreviations may be used as a 
convenience. The writing, however, must re- 
main readily comprehensible and unambigious. 
For the most part only widely used abbreviations 
should be employed (e.g.: ATP, RNA, TPN). 
Standard chemical symbols may be used without 
definition: Ca, NaOH. All others should be de- 
fined when they first appear. Example: The 
reaction was thought to involve flavin adenine di- 
nucleotide (FAD). If your article uses several 
abbreviated forms it is permissible to define them 
all in a single footnote where the first abbreviation 
is introduced. 

In no case should the number of nonstandard 
abbreviations be so large that the reader is forced 
to learn a special vocabulary in order to read your 
article easily. Abbreviations should not frustrate 
the reader ; they should be used for his convenience, 
not the author’s convenience. 

Avoid abbreviations in title and summary. Be- 

cause these parts frequently are translated into 
foreign languages, undefined abbreviations may 
be confusing. 
I. CHemicaL FormMuLas It is expensive (some- 
times impossible) to set formulas in type. Also 
there is danger of introducing errors. Submit 
structural formulas or involved reaction sequences 
as clearly executed India ink drawings which can 
be reproduced photographically. Indicate where 
these are to be inserted into the text. Alternative- 
ly a complex reaction diagram or flow sheet may 
be treated as a regular figure, given a number, and 
supplied with a legend. 


PREPARING TYPESCRIPT 
Carefully type copy in accordance with instruc- 


tions. Give special attention to the form used by 
the Journal for tables, figure legends, and literature 


citations. 


Consult recent editions of PLANT 


PHYSIOLOGY for proper placement of main head- 
ings, paragraph headings, and subheadings, and for 
the use of abbreviations. 


A. Spactnc Double space everything, including 
tables, legends, literature cited, and footnotes. It 
is essential that all copy be double spaced to allow 
room for the extensive proofmarking which must 
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be done (even to a perfect typescript) in the edi- 
torial office so the printer will know precisely how 
to set your copy in type. 

Begin typing 1/3 of the way down the first 
page; leave liberal side margins. 

Each table, each set of figures, legends, and 
literature citations should be doubled spaced on a 
separate piece of paper; these items are given by 
the printer to different people for setting in type 
sizes different from that in the body of the manu- 
script. 


B. Orper Arrange manuscript copy in_ this 
order : 

Name and address for mailing proofs 
Title of article 

Author’s name and institution 

Text 

Summary 

Acknowledgements 

Literature cited 

Tables 

Legends for figures 

Figures 


FASO 99. DORN i 


~~ 


C. Pacinc Number all pages consecutively in 

upper right hand corner. Never use a letter such 

as 2a, 5D, for paging; such pages are easily lost 

during processing. 

D. Pace One Do not use a title page. 
1. Name and Address On page 1 above the 
title of the article, put the name and address of 
the person to whom editorial correspondence 
(including galley proof and reprint order form) 
is to be sent. The name and address of the 
institution where the work was done follow 
the name of the author directly below the 
title. 
2. Footnotes One or more footnotes are in- 
cluded at the bottom of the first page. The first 
footnote (indicated by superscript 1 after the 
title) gives the date. the manuscript was re- 
ceived. The second footnote credits the source 
of financial support (if any). Additional 
footnotes give the present address of the author. 
if different from the address in the heading, 
and indicate the experiment station or institu- 
tion paper number. Normally these are the 
only footnotes used. 


FE. NUMBERS 

7. Write out all numbers. cardinal and ordi- 

nal, from one through ten. Use figures for 

all numbers larger than ten. Exceptions: 
a. When using precise measurements such 
as 5 per cent, 6 mm, 8-hour cycle, figure 1. 
In nonprecise usages spell numbers out: 
about two weeks, six or eight degrees. 
b. In a series of related numerical ex- 
pressions treat all alike even though vio- 
lating the general rule: 2 leaves. 8 leaves. 
and 12 leaves. 
c. When a single expression has consecu- 
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tive numbers, use both figures and spelled 
out numerals: two 6-min exposures 
d. Spell out ALL numbers or f. xctions 
which begin a sentence. If this i. awk. 
ward, rephrase the sentence to avoic begin- 
ning with a numeral. 
e. Do not use a hyphen to repl:ce the 
preposition “to” between numerals: 13 to 
22 min, three to ten degrees. Exce:tions: 
tables, figures, graphs. 
F, Fractions Write out and hyphenate non- 
precise simple fractions: two-thirds, bvt half 
strength. Exceptions: tables, figures, graphs, 
legends, fractions in parentheses. Often it is de- 
sirable to use decimals instead of fractions. For 
values less than one, insert a zero before the deci- 
mal point: 0.7 g not .7 g. 
G. Literature Cited This section of a manu- 
script requires extensive proofmarking even 
though copy is correct in every detail. Typing 
errors are easily made, but difficult to detect, so 
exercise special care in preparing and checking 
the bibliography. Since they are set in a type- 
form different from that used for the body of the 
manuscript, literature citations should be double 
spaced on a separate piece of paper. Consult the 
most recent issue of PLANT PHYSIOLOGY 
tor Journal style. Note the limited use of capitals. 

Check all citations (such as title, volume num- 
ber, pages, and date) for completeness. Check 
foreign titles for diaresis and other markings. 
Make certain that all citations are referred to in 
the text. 

List citations in alphabetical order (not in 
order of reference), then number them and indicate 
citations in the body of the text by Arabic numerals 
enclosed in parenthesis. 

Unpublished data, personal communications, 
and articles in preparation are not acceptable as 
literature citations, but should be referred to 
parenthetically in the text, Articles that are in 
press may be so designated in LITERATURE 
CITED. An article is not properly referred to as 
“in press” unless it has been accepted for publica- 
tion. The journal in which an in press article 
will appear should be included in the literature 
citation. 

1. Authorship List family name of first or 

sole author before listing initials or given name. 

Thereafter write names and initials (or given 

name) of all coauthors in their natural order. 

Use initials for a man’s given name: write out 

a woman’s given name: Reeves, A.C., R. D. 

Jones. and Helen Smith. 

2. Date The year belongs immediately after 

the author’s name. 

H. Hypuens Avoid dividing a word at the end 
of a line. Such division increases the likelihood 
of a printer’s error. 

I. Unpertrntnc In general, do not underscore 
anything. When copy is marked for the printer, 
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lings, scientific names, etc., will be underscored 
tie Editor’s office. Exception: rarely a word 
ohrase may be underlined for appropriate em- 
J. Spettinc Draw a box around unusual spelling 
to indicate that the word has been spelled correct- 
ly. 
II]. PREPARING TABLES 
Authors should set up their tables in a form con- 
sistent with recent issues of PLANT PHYSIOLOGY. 
Number tables consecutively in Roman numerals and 
place the author’s name on the back of each page. 
A. Copyrittrnc Tables should be preplanned to 
fit one or two printed columns (3 inches or 6% 
inches wide, respectively) and not to exceed 8% 
inches in height, including heading, body, and 
footnotes. Tables may not be rotated 90°. 

On the average, about 52 typewriter spaces 
(excluding the new executive stvle of typewriter ) 
fill one 3-inch line of type of the size normally used 
in tables; ten double spaced typewritten lines re- 
quire 1 inch of the available vertical printed space. 
B. Numerats Check tabular data as well as nu- 
merical values reported in the text for the proper 
number of significant figures. Frequently authors 
report more digits than are significant. Use 
three dots (not a dash) to indicate a blank in a 
table: ... For decimals smaller than one, insert 
a zero before the decimal point: 0.349. 

C. Footnote Designations Refer to footnotes by 
the asterisk, double asterisk, triple asterisk, dagger. 
double dagger, and section, in this sequence. as 
needed: *, **, ***, +, tt, t. Place all explanatory 
material in footnotes rather than in the heading 
or columnar headings, both of which should be as 
brief as possible without sacrificing clarity. 

D. Heaprncs anp Footnotes Wherever possible. 
omit unnecessary articles such as “the”, “a”, in 
headings and notes. Also avoid bulky preposi- 
tional phrases. 


ILLUSTRATIONS 
A. Prints For Review For manuscript review it 
is satisfactory to furnish illustrations which have 
heen reproduced by such economical copy methods 
as Verifax and blue print. Thus prints which 
will be used for publication need not be sent 
through the mail repeatedly. Do not send original 
drawings or photos at any time. 
B. Prints For Repropuction After your manu- 
script has been accepted for publication you must 
submit good quality glossy prints (glossies) for 
making electrotypes. 
1. Kinds of Illustrations Figures are of two 
kinds, line drawings and halftones. Line draw- 
ings are just that—line drawings usually done 
with India ink on white paper. Halftones, in 
contrast to line drawings, are not just black 
and white, but they also are shaded from black 
to white. Because halftones are photographed 


through a screen some detail is lost in repro- 
duction. 
? 


2. Special Treatment of Photographs For 
illustrations in which it is especially important 
to bring out all the detail present in the orig- 
inal photograph special processing will be 
undertaken. Should your paper contain elec- 
tron-micrographs, radioautographs, or other 
material whose reproduction should be deemed 
critical, call the editor’s attention to the need 
for special processing. 

3. Good Illustrations Plan in advance for 
clear, legible illustrations. Line drawings 
should be intensely black on white; halftones 
should have good contrast and be in sharp focus 
throughout. No glossy should contain blem- 
ishes. Do not use paper clips on photos: 
grooves, gouges, and creases show when repro- 
duced. 

Generally the appearance of a graph is im- 
proved if the top and right sides are boxed in 
by lines of the same weight as the abscissa and 
ordinate. 

Guided lettering is preferable to hand letter- 

ing or typing. 
4. Size Although the Editor determines the 
final printed size of an illustration, an author 
should plan for maximum reduction. If 
symbols, such as triangles, circles, and squares 
(or letters and numerals) are not sufficiently 
large to begin with, they may become mere 
blurs when reproduced. Any letter smaller 
than 1 mm may be illegible. Exceedingly large 
symbols, thick lines, or heavy numerals may 
become unsightly when reduced. 

Figures are reproduced the same size (x1) 
or they are reduced. (Enlarging magnifies 
defects.) Tllustrations are fitted either into 
3 inch or 6% inch column widths. Although 
occasionally an illustration must be 8% inches 
high, this is undesirable. One should allow 
space at the hottom for the figure legend. It 
may help you to sketch a rough onion skin 
overlay of a tvpical. Journal page layout for 
estimating final reduced size of an illustration. 
Final size. however, cannot be estimated until 
after illustrations are properly grouped and 
mounted. 


35. Grouping One large illustration is cheap- 
er to reproduce than three to six small ones. 
so as far as possible group all fiavres. Mount 
similar figures close together. Place halftone 
and line drawings in separate groups. 

Limit the area of each photograph to that 
which is necessary to show pertinent details. 
Trim off irrelevant portions and minimize 
blank space. 

6. Mounting Mount all illustrations with 
rubber cement on white cardboard or stiff white 
paper. Total size should not exceed 9 x 11 








inches. Anything larger than an ordinary file 
folder is easily mutilated; it also requires spe- 
cial packaging and handling. 

7. Identification Place the author’s name on 
the back of each figure and legend. Place the 
figure number on the back of each figure. 
Identification insures against misplacement. 


V. SuBMITTING MANUSCRIPTS 

Send the original copy of the manuscript, the first 
carbon, and two copies of all illustrative material to 
the Editor, Dr. Allan H. Brown; Department of 
Botany; University of Minnesota; Minneapolis 14, 
Minn. Retain a carbon copy of your manuscript and 
original photographs or drawings to insure against 
loss. 

PLANT PHYSIOLOGY does not accept a manu- 
script which has not been submitted directly by an 
author. If your manuscript is submitted by someone 
other than one of the authors, send a letter to this 
office stating that you wish to publish that particular 
manuscript in PLANT PHYSIOLOGY. Your 
manuscript cannot be processed until this letter is 
received. This precaution protects you as well as 
the Journal. 


VI. PRocessinG MANUSCRIPT 
A. Review The manuscript will be sent usually 
to two reviewers familiar with that field of re- 
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evaluates the manuscript, suggests improvements, 
and recommends accepting or rejecting the paper. 
Usually two months suffice for review and decision. 
When there is marked disagreement between re- 
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B. Revision Manuscripts returned to the author 
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changes. 
C. Gattey Proor This will be sent to the person 
designated on page 1 above the title. (See I/ D 1), 
1. Returning Proofs Return only one set of 
galley proofs to Editor. Keep any other set 
for reference. Be certain to notify Editor 
promptly of change of address, so galleys can 
be sent to the correct address. 
2. Charges for Errors You will not be 
‘charged for correcting printer’s errors, BUT 
you will be charged at cost for all changes or 
corrections in galley which are your fault. 
Here are two ways to minimize charges: 
a. Proofread Manuscript Check ALL 
references carefully BEFORE submitting 
manuscript to Editor. Corrections in typ- 
ing are easy to make, whereas corrections 
in galley or page proof are expensive and 
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b. Corrections Where a correction is op- 
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unrecognized loss of manuscripts in the mail—a 
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E. Errata If necessary, an errata will be pub- 
lished for each volume. Authors therefore are 
requested to call the attention of the Editor to any 
significant errors in their published manuscripts. 
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